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Preface:  To  the  Instructor 


If  you  compare  the  sixth  edition  of  Introductory  Electronic  Devices  and  Circuits  with  its 
predecessor,  you’ll  immediately  see  the  changes  in  style  and  appearance  that  are  part  of 
this  revision.  The  enhanced  illustrations,  combined  with  subtle  changes  in  wording,  are 
intended  to  make  it  easier  for  your  students  to  study  and  comprehend  the  material  being 
presented. 

Users  of  previous  editions  will  notice  some  changes  in  presentation  and  content.  For 
example: 

■  The  presentation  on  emitter  bias  in  Chapter  7  (DC  Biasing  Circuits )  has  been 
reduced  and  moved  into  a  new  section  (Section  7.4,  Other  Transistor  Biasing  Cir¬ 
cuits)  with  the  feedback  bias  circuits. 

■  The  approach  to  transformer-coupled  amplifier  analysis  in  Chapter  1 1  ( Power 
Amplifiers)  has  been  modified  to  bring  it  in  line  with  RC-coupled  circuit  analysis. 

■  The  component  specification  sheets  have  been  updated  to  reflect  changes  in  compo¬ 
nent  ratings  and  availability. 

Several  of  the  learning  aids  from  previous  editions  have  undergone  revision  (or  reloca¬ 
tion)  as  well.  For  example: 

■  The  summary  illustrations,  in  most  cases,  have  been  modified  to  include  the  pri¬ 
mary  component  and/or  circuit  equations. 

■  Critical  Thinking  questions,  which  previously  appeared  in  the  margins,  have  been 
added  to  the  Section  Review  questions. 

*  The  glossary  (Appendix  E)  has  been  updated  and  revised  extensively. 


Learning  Aids 

From  the  start,  my  goal  has  been  to  produce  a  text  that  students  can  really  use  in  their 
studies.  As  a  result,  many  of  the  learning  aids  developed  in  the  previous  editions  of  Intro¬ 
ductory  Electronic  Devices  and  Circuits  have  been  retained: 

®  Performance-based  objectives  enable  students  to  measure  their  progress  by 
telling  them  what  they  are  expected  to  be  able  to  do  as  a  result  of  their  studies. 

©  Chapter  outlines  provide  a  handy  overview  of  the  chapter  organization. 

©  Objective  identifiers  in  the  margins  cross-reference  the  objectives  with  the  chap¬ 
ter  material.  This  helps  students  to  locate  the  material  that  will  enable  them  to  ful¬ 
fill  any  objective. 

®  Margin  notes  (which  are  color  coded  in  this  edition)  include: 

■  A  running  glossary  of  new  terms 

■  Notes  that  highlight  the  differences  between  theory  and  practice 

■  Reminders  of  principles  covered  in  earlier  sections  or  chapters 


(5)  In-chapter  practice  problems  are  included  in  the  examples  to  provide  students 
with  an  immediate  opportunity  to  apply  the  principles  being  demonstrated.  The 
answers  to  these  problems  appear  at  the  end  of  each  chapter. 

©  Summary  illustrations  provide  a  convenient  review  of  circuit  operating  princi¬ 
ples,  analysis  equations,  and  applications.  Many  also  provide  comparisons  between 
two  or  more  related  components  or  circuits. 

(7)  Highlighted  lab  references  help  to  tie  the  material  in  the  text  to  the  exercises  in 
the  accompanying  lab  manual. 

Examples  of  these  learning  aids  are  shown  on  the  following  pages. 

The  following  learning  aids  have  also  been  retained  from  previous  editions: 

1.  Section  review  questions  at  the  end  of  each  section.  Most  of  these  reviews  now 
include  Critical  Thinking  questions. 

2.  Each  chapter  ends  with  an  equation  summary,  a  key  terms  list,  and  an  extended 
chapter  summary  (written  in  list  form). 

3.  An  extensive  set  of  practice  problems  at  the  end  of  each  chapter.1  In  addition  to 
standard  practice  problems,  the  problem  sets  include: 

■  Troubleshooting  Practice  Problems 

■  Pushing  the  Envelope  (challenging  questions) 

■  Suggested  Computer  Applications  Problems 

MultiSim  Applications  Problems 

In  response  to  reviewer  input,  applications  problems  incorporating  EWB®  software  were 
integrated  throughout  the  previous  edition  of  this  text.  These  files  have  been  upgraded  to 
MultiSim®  and  incorporated  here  so  that  instructors  can  decide  (on  an  individual  basis) 
whether  or  not  to  include  them  in  their  courses.  The  CD-ROM  packaged  with  the  text 
contains  MultiSim  applications  problems  developed  by  George  Shaiffer  (Pikes  Peak 
Community  College,  Colorado  Springs,  CO).  Various  figures  throughout  the  text  are 
marked  with  an  EWB  icon.  The  file  associated  with  each  figure  can  be  accessed  from  the 
CD-ROM  using  the  figure  number. 

Many  instructors  see  MultiSim  as  a  valuable  learning  tool.  Others  believe  that  its 
classroom  use  should  be  limited  to  solving  circuit  problems  encountered  by  more 
advanced  students.  I  believe  that  the  method  used  to  integrate  MultiSim  into  this  text  will 
make  it  valuable  to  those  who  wish  to  use  it  while  keeping  it  unobtrusive  to  those  who 
do  not. 

Companion  Website 

Introductory  Electronic  Devices  and  Circuits  has  a  companion  website  designed  to  pro¬ 
vide  additional  review  materials,  questions,  and  practice  problems.  The  website  provides 
the  following  for  each  chapter  in  the  text: 

■  A  list  of  chapter  objectives 

■  A  chapter  summary  (written  in  a  different  form  than  the  summary  provided  in  the  text) 

*  Multiple-choice  review  questions  and  problems 

■  Fill-in-the-blank  review  questions  and  problems 

These  items  combine  to  provide  a  valuable  tool  for  reviewing  every  chapter  in  the  book. 


Lab  Manual  to  Accompany  Introductory  Electronic  Devices 
and  Circuits 

The  lab  manual  that  accompanies  this  text  has  also  gone  through  extensive  revision.  The 
circuit  schematics  have  been  revised  to  better  illustrate  the  test  equipment  connections 
called  for  in  the  exercises.  Optional  MultiSim  procedures  have  also  been  added  to  each 
exercise. 


1  This  does  not  apply  to  Chapter  1,  which  has  no  practice  problems. 
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Preface:  To  the  Instructor 


chapter  ~J 


DC  Biasing  Circuits 

®. _ , 

^Objectives 


After  studying  the  material  in  this  chapter,  you  should  be  able  to: 

1.  State  the  purpose  of  dc  biasing  circuits. 

2.  Plot  the  dc  load  line  for  an  amplifier  given  the  value  of  VCC  and  the  total  collector-emitter 
circuit  resistance. 

3.  Describe  the  0-point  of  an  amplifier,  and  explain  what  it  represents. 

4.  Describe  and  analyze  the  operation  of  a  base-bias  circuit. 

5.  Determine  if  a  circuit  is  midpoint  biased  given  the  values  of  lc,  VCE>  and  Vcc  for  the 
circuit. 

6.  Describe  and  analyze  the  operation  of  a  voltage-divider  biasing  circuit. 

7 .  Estimate  the  value  of  ICq  for  an  amplifier  without  detailed  calculation,  and  justify  the  use 
of  this  estimate. 


8.  Describe  the  troubleshooting  procedure  for  a  voltage-divider  bias  circuit. 

9.  Describe  and  analyze  the  operation  of  an  emitter-bias  circuit. 


i  0.  Describe  and  analyze  the  operation  of  a  collector-feedback  bias  circuit. 
1 1 .  Describe  and  analyze  the  operation  of  the  emitter- feedback  bias  circuit. 


^Outline 


7.1  Introduction  to  DC  Biasing:  The  DC  Load  Line 

7.2  Base  Bias 

7.3  Voltage-Divider  Bias 

7 .4  Other  Transistor  B  iasing  Circuits 
Chapter  Summary 


These  combinations  (which  were  chosen  at  random)  are  verified  by  equation 
(6.12)  as  follows: 

For  lc  =  1  mA, 

Vcs  “  Vcc  ~  lc*c  ¥  10  V  -  (l  mAXlkfl)  =  10V  -  1  V  *  9V 
For  /c  =  2  mA, 


® 

/ 

Lab  Reference:  A  dc  loud  line  is 
plotted  and  used  to  predict  circuit 
values  in  Exercise  7. _ 


Vcs  *  Vcc  -  /c*c«  10V  -  (2 mAXlkfl)  =  10V  -  2V~  8V 
For  /c  =  5  mA, 

Vcc  f  Vcc  -*Rc  -  10V  -  iSmAXJ  kfl)  -  10V  -  5V  =  SV 

These  calculations  verify  the  values  obtained  from  the  dc  load  line. 

Practice  Problem  7.2 
A  circuit  like  the  one  shown  in  Figure  7.4  has  values  of  Vcc  =  +  16  V  and  Rc  = 
2  kfl.  Plot  the  dc  load  line  for  the  circuit,  and  determine  the  values  of  VCE  for 
/c  =  2  mA,  4  mA,  and  6  mA.  Then,  verify  your  values  using  equation  (6.12). 


7.1.1  The  Q-Point 

When  a  transistor  does  not  have  an  input  signal,  its  output  rests  at  specific  dc  values  of  lc 
and  VC£.  As  you  have  seen,  these  values  correspond  to  a  specific  point  on  the  dc  load  line. 
This  point  is  called  the  0-point.  The  letter  Q  comes  from  the  word  quiescent,  meaning  at 
rest.  A  quiescent  amplifier  is  one  that  has  no  input  signal  applied  and,  therefore,  has  con¬ 
stant  dc  values  of  lc  and  Ye* 

When  the  dc  load  line  of  an  amplifier  is  superimposed  on  the  collector  curves  for 
the  transistor,  the  0-point  value  can  easily  be  determined.  This  point  is  illustrated  in 
Figure  7.6. 

Assume  that  the  collector  curves  shown  in  Figure  7.6  are  the  curves  for  the  transistor 
in  Figure  7.4.  The  load  line  found  in  Example  7.2  has  been  superimposed  over  the  collec¬ 
tor  curves.  The  0-point  is  the  point  where  the  load  line  intersects  the  appropriate  collector 
curve.  For  example,  if  the  amplifier  is  operated  at  lB  =  20  p.A,  the  0-point  is  located  at 
the  point  where  the  dc  load  line  intersects  the  /«  =  20  p.A  curve,  as  shown  in  the  illustra¬ 
tion.  From  the  load  line,  we  can  then  determine  that  the  circuit  has  0-point  values  of  Ic  = 
4  mA  and  VCE  =  6  V  (the  coordinates  that  correspond  to  the  0-point  location). 


<  OBJECTIVES 


0-puint 

A  point  on  the  dc  load  line  that 
indicates  the  values  of  V, ,  and  , 
!(  for  an  amplifier  at  rest. 

Quieseent 

At  rest. _ 

'  \  ~ 
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FIGURE  7.13 


Section  Review  ►  I.  Describe  the  construction  and  current  paths  in  a  base-bias  circuit. 

2.  What  is  the  goal  of  the  dc  analysis  of  an  amplifier? 

3.  List  the  steps  taken  to  determine  the  Q-point  values  of  lc  and  VCE  (/ce  and  VCE(f). 

4.  Once  you  have  calculated  the  values  of  Icq  and  VCeq  for  an  amplifier,  how  can  you 
determine  whether  the  circuit  is  midpoint  biased? 

5.  What  is  Q-point  shift  ? 

6.  Describe  the  Q-point  shift  process. 

7.  What  is  a  beta-dependent  circuit ? 

8.  What  is  a  beta-independent  circuit ? 

Critical  Thinking  ►  9.  Explain  how  the  transistor  in  Figure  7.9  can  be  driven  into  saturation  by  increasing 

the  value  of  the  collector  resistor  (Rc). 


Voltage-Divider  Bias 


Voltage-divider  bias  is  by  far  the  most  commonly  used  biasing  scheme.  As  shown  in  Fig¬ 
ure  7.14,  voltage-divider  bias  is  similar  in  form  to  base  bias,  with  the  following  exceptions: 

■  A  resistor  (R2)  has  been  added  between  the  base  terminal  of  the  transistor  and 
ground. 

■  A  resistor  ( RE )  has  been  added  to  the  emitter  circuit. 

As  you  will  see,  these  modifications  result  in  a  biasing  circuit  with  values  of  ICq  and 
VCEQ  that  are  relatively  stable  against  variations  in  hFE. 
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OBJECTIVE  6  ► 

Voltage-divider  bias 

A  biasing  circuit  that  contains  a 
voltage  divider  in  its  base 
circuit.  This  type  of  bias  it 
sometimes  referred  to  as 

unlmi-nnt  Klac 

. . — _ 
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Preface:  To  the  Student 


"Why  Am  I  Learning  This?" 

Have  you  ever  found  yourself  asking  this  question?  If  you  have,  then  take  a  moment  to 
read  further. 

I  believe  that  any  subject  is  easier  to  learn  if  you  know  why  you  are  learning  it.  For  this 
reason,  we’re  going  to  take  a  moment  to  discuss: 

*  Why  the  study  of  electronic  devices  is  important 

*  How  this  area  of  study  relates  to  the  other  areas  of  electronics 

*  How  you  can  get  the  most  out  of  your  study  of  electronic  devices 

Each  electronics  course  serves,  in  part,  as  a  foundation  for  the  next.  For  example,  you 
were  taught  about  resistors  in  your  fundamentals  course.  If  you  take  a  moment  to  flip 
through  this  book,  you’ll  see  that  very  few  circuits  do  not  contain  at  least  one  resistor.  So, 
it  should  make  sense  that  a  thorough  understanding  of  resistors  is  necessary  to  learn  the 
principles  and  circuits  discussed  in  this  book. 

You  are  studying  electronic  devices  at  this  point  because  it  is  serves  as  a  foundation 
for  the  courses  that  will  follow.  Just  as  the  knowledge  of  basic  components  and  circuit 
principles  is  essential  for  understanding  electronic  devices  and  circuits,  you  must  success¬ 
fully  learn  the  material  in  this  book  to  be  prepared  for  later  courses. 

What  are  electronic  devices?  They  are  components  with  dynamic  resistance  character¬ 
istics.  That  is,  they  are  components  with  resistance  characteristics  that  are  current- 
controlled  or  voltage-controlled  (depending  on  the  component).  These  fairly  complex 
components  are  used  in  virtually  every  type  of  electronic  system.  They  are  used  exten¬ 
sively  in  communications  systems  (such  as  televisions,  stereos,  and  cellular  phones), 
digital  systems  (such  as  PCs  and  calculators),  industrial  systems  (such  as  process  control 
systems),  and  avionics  (aviation  electronics). 

As  you  can  see,  the  study  of  electronic  devices  is  essential  if  your  knowledge  is  to 
advance  beyond  where  it  is  now. 

"What  Can  I  Do  to  Get  the  Most  Out  of  This  Course?" 

There  are  several  steps  that  you  can  take  to  help  you  successfully  complete  your  study  of 
electronics.  The  first  is  to  realize  that  learning  electronics  requires  that  you  take  an  active 
role  in  your  education.  It’s  like  learning  to  ride  a  bicycle — you  have  to  hop  on  and  take  a 
few  spills.  You  can’t  learn  how  to  ride  a  bike  just  by  “reading  the  book,”  and  the  same  can 
be  said  about  learning  electronics.  You  must  be  actively  involved  in  the  learning  process. 

How  do  you  get  actively  involved  in  the  learning  process?  Here  are  some  guidelines 
worth  following: 

1.  Attend  class  on  a  regular  basis.  The  book  provides  information.  Insight  (which  is 
just  as  important)  is  gained  through  classroom  and  lab  experience. 

2.  Take  part  in  classroom  problem-solving  sessions.  Get  out  your  calculator,  and 
solve  the  problems  along  with  your  classmates. 
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3.  Do  all  the  assigned  homework.  Circuit  analysis  is  a  skill.  As  with  any  skill,  you 
gain  competency  only  through  practice. 

4.  Take  part  in  classroom  discussions.  Classroom  discussions  can  clarify  points  that 
otherwise  may  be  confusing,  and  they  can  help  you  to  better  understand  how  the 
various  principles  tie  together  to  form  a  complete  picture. 

5.  Actively  study  the  material  in  your  textbook. 

Actively  studying  the  material  in  the  textbook  means  that  you  must  do  more  than  sim¬ 
ply  read  it.  When  you  are  reading  material  for  the  first  time,  there  are  several  things  you 
should  do: 

1.  Learn  the  terminology.  You  are  taught  new  terms  so  that  you  will  know  what  they 
mean  and  how  to  use  them.  When  you  come  across  a  new  term  in  the  text,  commit 
the  new  term  to  memory.  How  do  you  know  when  a  new  term  is  being  introduced? 
Throughout  this  text,  new  terms  are  identified  in  the  margins.  When  you  see  a  new 
term  and  its  definition  in  the  margin,  stop  and  learn  the  term  before  going  on  to 
the  next  section. 

2.  Use  your  calculator  to  work  through  the  examples.  When  you  come  across  an 
example,  get  your  calculator  and  work  the  calculations  in  the  example  for  your¬ 
self.  When  you  do  this,  you  develop  the  skills  needed  to  solve  the  circuit  problems 
on  your  own. 

3.  Solve  the  example  practice  problems.  Most  of  the  examples  in  this  book  are  fol¬ 
lowed  by  a  practice  problem  that  is  identical  in  nature  to  the  example.  When  you 
see  these  problems,  solve  them  using  the  model  provided  by  the  example.  Then, 
check  your  solutions  by  looking  up  the  answers  at  the  end  of  the  chapter. 

4.  Use  the  chapter  objectives  to  measure  your  learning.  Each  chapter  begins  with  an 
extensive  list  of  performance-based  objectives.  These  objectives  tell  you  what  you 
should  be  able  to  do  as  a  result  of  learning  the  material. 

This  book  also  contains  objective  identifiers  that  are  located  in  the  margins  of  the  text. 
For  example,  if  you  look  at  page  6  of  the  text,  you’ll  see  OBJECTIVE  3  printed  in  the 
margin.  This  identifier  tells  you  that  this  is  the  point  where  the  material  associated  with 
objective  3  (in  the  list  on  page  1)  is  located.  These  objective  identifiers  can  be  used  to 
help  you  with  your  studies.  If  you  are  unsure  about  how  to  perform  a  specific  objective, 
flip  through  the  chapter  until  you  see  the  appropriate  identifier.  At  that  point,  you  will 
find  the  information  that  you  need. 

One  Final  Note 

It  has  been  said  that  success  is  not  an  entitlement .  .  .  you  have  to  work  for  it.  There  is  a 
lot  of  work  involved  in  learning.  However,  the  extra  effort  will  pay  off  in  the  end.  Your 
understanding  of  electronic  devices  will  be  more  thorough  as  a  result  of  your  efforts,  and 
learning  the  areas  of  electronics  that  follow  will  be  easier.  I  wish  you  the  best  of  success. 

Bob  Paynter 


Preface:  To  the  Student 


ix 


Contents 


1  Fundamental  Solid-State  Principles  1 

1.1  Atomic  Theory  2 

1.2  Doping  6 

1.3  The  PN  Junction  9 

1.4  Bias  12 

Chapter  Summary/Key  Terms 

2  Diodes  19 

2.1  Introduction  to  the  PN- Junction  Diode  20 

2.2  The  Ideal  Diode  22 

2.3  The  Practical  Diode  Model  25 

2.4  Other  Practical  Considerations  29 

2.5  The  Complete  Diode  Model  34 

2.6  Diode  Specification  Sheets  40 

2.7  Zener  Diodes  45 

2.8  Zener  Diode  Specification  Sheets  49 

2.9  Light-Emitting  Diodes  (LEDs)  54 

2.10  Diode  Testing  56 

Chapter  Summary/Equation  Summary/Key  Terms/Practice  Problems/ 
Troubleshooting  Practice  Problems/Pushing  the  Envelope/Suggested  Computer 
Applications  Problems/ Answers  to  the  Example  Practice  Problems 

3  Common  Diode  Applications:  Basic  Power 

Supply  Circuits  73 

3.1  Transformers  75 

3.2  Half-Wave  Rectifiers  78 

3.3  Full- Wave  Rectifiers  87 

3.4  Bridge  Rectifiers  92 

3.5  Working  with  Rectifiers  97 

3.6  Filters  100 

3.7  Zener  Voltage  Regulators  110 

3.8  PuttingltAll  Together  116 

3.9  Power  Supply  Troubleshooting  118 

Chapter  Summary/Equation  Summary/Key  Terms/Practice  Problems/ 
Troubleshooting  Practice  Problems/Pushing  the  Envelope/Suggested  Computer 
Applications  Problems/ Answers  to  the  Example  Practice  Problems 


X 


4  Common  Diode  Applications:  Clippers, 

Clampers,  Voltage  Multipliers,  and  Displays  135 

4.1  Clippers  (Limiters)  136 

4.2  Clipper  Applications  143 

4.3  Clampers  (DC  Restorers)  145 

4.4  Voltage  Multipliers  150 

4.5  LED  Applications  155 

4.6  Diode  Circuit  Troubleshooting  157 

Chapter  Summary/Equation  Summary/Key  Terms/Practice  Problems/ 
Troubleshooting  Practice  Problems/Pushing  the  Envelope/Suggested  Computer 
Applications  Problems/Answers  to  the  Example  Practice  Problems 

5  Special  Applications  Diodes  173 

5.1  Varactor  Diodes  174 

5.2  Transient  Suppressors  and  Constant-Current  Diodes  180 

5.3  Tunnel  Diodes  188 

5.4  Other  Diodes  191 

Chapter  Summary/Equation  Summary/Key  Terms/Practice  Problems/Pushing 
the  Envelope/Answers  to  the  Example  Practice  Problems 

6  Bipolar  Junction  Transistors  201 

6.1  Introduction  to  Bipolar  Junction  Transistors  (BJTs)  202 

6.2  Transistor  Construction  and  Operation  205 

6.3  Transistor  Current  and  Voltage  Ratings  209 

6.4  Transistor  Characteristic  Curves  217 

6.5  Transistor  Specification  Sheets  221 

6.6  Transistor  Testing  225 

6.7  Related  Topics  226 

Chapter  Summary/Equation  Summary/Key  Terms/Practice  Problems/ 
Troubleshooting  Practice  Problems/Pushing  the  Envelope/Suggested  Computer 
Applications  Problems/Answers  to  the  Example  Practice  Problems 

7  DC  Biasing  Circuits  239 

7.1  Introduction  to  DC  Biasing:  The  DC  Load  Line  240 

7.2  Base  Bias  245 

7.3  Voltage-Divider  Bias  250 

7.4  Other  Transistor  Biasing  Circuits  262 

Chapter  Summary/Equation  Summary/Key  Terms/Practice  Problems/ 
Troubleshooting  Practice  Problems/Pushing  the  Envelope/Suggested  Computer 
Applications  Problems/ Answers  to  the  Example  Practice  Problems 

8  Introduction  to  Amplifiers  283 

8.1  Amplifier  Properties  284 

8.2  BJT  Amplifier  Configurations  293 

8.3  Amplifier  Classifications  297 

8.4  Decibels  303 

Chapter  Summary/Equation  Summary/Key  Terms/Practice  Problems/Pushing 
the  Envelope/Answers  to  the  Example  Practice  Problems 

9  Common-Emitter  Amplifiers  317 

9 . 1  AC  Concepts  318 

9.2  The  Roles  of  Capacitors  in  Amplifiers  322 


Contents 


xi 


9.3  The  Common-Emitter  AC  Equivalent  Circuit  327 

9.4  Amplifier  Gain  329 

9.5  Gain  and  Impedance  Calculations  334 

9.6  Swamped  Amplifiers  340 

9.7  /i-Parameters  345 

9.8  Amplifier  Troubleshooting  351 

Chapter  Summary/Equation  Summary/Key  Terms/Practice  Problems/ 
Troubleshooting  Practice  Problems/Pushing  the  Envelope/Suggested  Computer 
Applications  Problems/Answers  to  the  Example  Practice  Problems 

10  Other  BJT  Amplifiers  365 

10.1  The  Emitter  Follower  (Common-Collector  Amplifier)  366 

10.2  Emitter  Follower  AC  Analysis  370 

10.3  Emitter  Followers:  Practical  Considerations,  Applications, 
and  Troubleshooting  375 

10.4  The  Darlington  Emitter-Follower  381 

10.5  The  Common-Base  Amplifier  386 

10.6  Common-Base  Applications  and  Troubleshooting  389 

Chapter  Summary/Equation  Summary/Key  Terms/Practice  Problems/ 
Troubleshooting  Practice  Problems/Pushing  the  Envelope/Suggested  Computer 
Applications  Problems/Answers  to  the  Example  Practice  Problems 

1 1  Power  Amplifiers  403 

11.1  The  AC  Load  Line  404 

11.2  /?C-Coupled  Class  A  Amplifiers  410 

11.3  Transformer-Coupled  Class  A  Amplifiers  414 

11.4  Class  B  Amplifiers  421 

11.5  Class  AB  Amplifiers  (Diode  Bias)  433 

11.6  Class  AB  Amplifiers:  Troubleshooting  and  Circuit  Configuration  440 

11.7  Related  Topics  446 

Chapter  Summary/Equation  Summary/Key  Terms/Practice  Problems/ 
Troubleshooting  Practice  Problems/Pushing  the  Envelope/Suggested  Computer 
Applications  Problems/Answers  to  the  Example  Practice  Problems 

12  Field-Effect  Transistors  459 

12.1  Introduction  to  JFET s  460 

12.2  JFET  Biasing  Circuits  470 

12.3  AC  Operating  Characteristics:  The  Common-Source  Amplifier  482 

12.4  AC  Operating  Characteristics:  Common-Drain  and  Common-Gate 
Amplifiers  493 

12.5  Troubleshooting  JFET  Circuits  500 

12.6  JFET  Specification  Sheets  and  Applications  503 

Chapter  Summary/Equation  Summary/Key  Terms/Practice  Problems/ 
Troubleshooting  Practice  Problems/Pushing  the  Envelope/Answers  to  the 
Example  Practice  Problems 

13  MOSFETs  519 

13.1  MOSFET  Construction  and  Handling  520 

13.2  D-MOSFETs  522 

13.3  E-MOSFETs  527 

13.4  Dual-Gate  MOSFETs  532 

13.5  Power  MOSFETs  534 


13.8  Complementary  MOSFETs  (CMOS):  A  MOSFET  Application  535 

13,7  Other  MOSFET  Applications  538 

Chapter  Summary/Equation  Summary/Key  Terms/Practice  Problems/ 
Troubleshooting  Practice  Problems/Pushing  the  Envelope/Suggested  Computer 
Applications  Problems/ Answers  to  the  Example  Practice  Problems 

14  Amplifier  Frequency  Response  549 

14.1  Basic  Concepts  550 

14.2  BJT  Amplifier  Frequency  Response  558 

14.3  FET  Amplifier  Frequency  Response  576 

14.4  Multistage  Amplifiers  584 

Chapter  Summary/Equation  Summary/Key  Terms/ Practice  Problems/Pushing 
the  Envelope/Suggested  Computer  Applications  Problems/ Answers  to  the 
Example  Practice  Problems 

15  Operational  Amplifiers  597 

15.1  Op-Amps:  An  Overview  598 

15.2  Operation  Overview  601 

15.3  Differential  Amplifiers  and  Op-Amp  Specifications  609 

15.4  Inverting  Amplifiers  621 

15.5  Noninverting  Amplifiers  625 

15.6  Troubleshooting  Basic  Op-Amp  Circuits  630 

15.7  Op-Amp  Frequency  Response  632 

15.8  Negative  Feedback  636 

Chapter  Summary/Equation  Summary/Key  Terms/Practice  Problems/ 
Troubleshooting  Practice  Problems/Pushing  the  Envelope/Suggested  Computer 
Applications  Problems/ Answers  to  the  Example  Practice  Problems 

16  Additional  Op-Amp  Applications  657 

16.1  Comparators  658 

16.2  Integrators  and  Differentiators  665 

16.3  Summing  Amplifiers  672 

16.4  Instrumentation  Amplifiers  681 

16.5  Other  Op-Amp  Circuits  682 

Chapter  Summary/Equation  Summary/Key  Terms/Practice  Problems/ 
Troubleshooting  Practice  Problems/Pushing  the  Envelope/Answers  to  the 
Example  Practice  Problems 

17  Tuned  Amplifiers  693 

17.1  Tuned  Amplifier  Characteristics  694 

17.2  Active  Filters:  An  Overview  698 

17.3  Low-Pass  and  High-Pass  Filters  702 

17.4  Band-Pass  and  Notch  Filters  709 

17.5  Active  Filter  Applications  and  Troubleshooting  722 

17.6  Discrete  Tuned  Amplifiers  726 

17.7  Discrete  Tuned  Amplifiers:  Practical  Considerations  and  Troubleshooting  733 

17.8  Class  C  Amplifiers  735 

Chapter  Summary/Equation  Summary/Key  Terms/Practice  Problems/ 
Troubleshooting  Practice  Problems/Pushing  the  Envelope/Suggested  Computer 
Applications  Problems/ Answers  to  the  Example  Practice  Problems 


18  Oscillators  751 

18.1  Introduction  752 

18.2  Phase-Shift  Oscillators  756 

18.3  The  Wien-Bridge  Oscillator  758 

18.4  The  Colpitts  Oscillator  762 

18.5  Other  LC  Oscillators  766 

18.6  Crystal-Controlled  Oscillators  770 

18.7  Oscillator  Troubleshooting  773 

Chapter  Summary/Equation  Summary/Key  Terms/Practice  Problems/ 
Troubleshooting  Practice  Problems/Pushing  the  Envelope/Suggested  Computer 
Applications  Problems/Answers  to  the  Example  Practice  Problems 

19  Solid-State  Switching  Circuits  783 

19.1  Introductory  Concepts  784 

19.2  Basic  Switching  Circuits:  Practical  Considerations  792 

19.3  Schmitt  Triggers  804 

19.4  Multivibrators:  The  555  Timer  812 

Chapter  Summary/Equation  Summary/Key  Terms/Practice  Problems/ 
Troubleshooting  Practice  Problems/Pushing  the  Envelope/Suggested  Computer 
Applications  Problems/Answer  to  the  Example  Practice  Problems 

20  Thyristors  and  Optoelectronic  Devices  839 

20.1  Introduction  to  Thyristors:  The  Silicon  Unilateral  Switch  (SUS)  840 

20.2  Silicon-Controlled  Rectifiers  (SCRs)  845 

20.3  Diacs  and  Triacs  856 

20.4  Unijunction  Transistors  (UJTs)  865 

20.5  Discrete  Photodetectors  871 

20.6  Optoisolators  and  Optointerrupters  878 

Chapter  Summary/Equation  Summary/Key  Terms/Practice  Problems/Pushing 
the  Envelope/Suggested  Computer  Applications  Problems/Answers  to  the 
Example  Practice  Problems 

21  Discrete  and  Integrated  Voltage  Regulators  889 

21.1  Voltage  Regulation:  An  Overview  890 

21.2  Series  Voltage  Regulators  895 

21.3  Shunt  Voltage  Regulators  899 

21.4  Linear  IC  Voltage  Regulators  901 

21.5  Switching  Regulators  907 

Chapter  Summary /Equation  Summary/Key  Terms/Practice  Problems/ 
Troubleshooting  Practice  Problems/Suggested  Computer  Applications  Problems/ 
Answers  to  the  Example  Practice  Problems 

Appendices 

A  Additional  Specification  Sheets  and  Resistor  Tables  922 

B  Approximating  Circuit  Values  929 

C  /i-Parameter  Equations  and  Derivations  932 
D  Selected  Equation  Derivations  943 

E  Glossary  961 

F  Transistor  Amplifier  Design  972 

G  Answers  to  Selected  Odd-Numbered  Problems  977 


Index  979 


chapter 


Fundamental 
Solid-State  Principles 

Objectives 

After  studying  the  material  in  this  chapter,  you  should  be  able  to: 

1.  Describe  the  makeup  of  the  atom,  and  state  the  relationship  between  the  number  of 
valence  electrons  and  its  conductivity. 

2.  List  the  principles  that  govern  the  association  between  electrons  and  orbital  shells. 

3.  Describe  the  relationship  between  conduction  and  temperature. 

4.  Contrast  tri valent  and  pentavalent  elements. 

5.  List  the  similarities  and  differences  between  rc-type  and  p-type  semiconductors. 

6.  Describe  diffusion  current. 

7.  Explain  how  a  depletion  layer  is  formed  around  a  pn  junction. 

8.  Explain  the  source  of  barrier  potential,  and  list  the  barrier  potential  values  for  silicon  and 
germanium. 

9.  Describe  the  relationship  between  depletion  layer  width,  junction  resistance,  and  junction 
current. 

10.  Define  bias. 

11.  Describe  the  different  methods  of  forward  and  reverse  biasing  a  pn  junction. 

12.  Explain  why  silicon  is  used  more  commonly  than  germanium  in  the  production  of  solid- 
state  devices. 

Outline 

1.1  Atomic  Theory 

1.2  Doping 

1.3  The  PN  Junction 

1.4  Bias 
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Li_tt le  _Dj d  Tin e_y_  Kn_o_w_  ^ 

In  the  March  1948  edition  of  the  Bell  Laboratories  Record, 
an  article  appeared  that  was  buried  between  stories  of 
company  promotions  and  seminars.  The  article  carried  the 
headline  Queen  of  Gems  May  Have  Role  in  Telephony  and 
described  a  discovery  that  may  well  have  been  the  predeces¬ 
sor  to  the  transistor.  Here  is  an  excerpt  from  the  article: 

A  radically  new  method  of  controlling  the  flow  and 
amplification  of  electronic  current — one  that  may  have 
far-reaching  influence  on  the  future  of  electronics — was 
described  on  January  31  before  the  American  Physical 
Society  by  K.  G.  McKay  of  Physical  Electronics.  Part  of 
the  Laboratories'  broad  investigations  in  communica¬ 
tions  for  Bell  System,  this  research  has  grown  out  of 
earlier  work  by  D.  E.  WooLdridge,  A.  J.  Ahearn,  and  J.  A. 
Burton. 

The  method  is  based  on  the  discovery  that  when 
beams  of  electrons  are  shot  at  certain  insulators,  in  this 
case  a  diamond  chip,  electric  currents  are  produced  in  the 


insulator  which  may  be  as  much  as  500  times  as  large  as 
the  current  in  the  original  electron  beam. 

The  technique  holds  promise,  after  engineering  devel¬ 
opment,  of  opening  up  an  entirely  new  approach  to  the 
design  and  use  of  certain  types  of  electron  tubes.  It  is  not 
expected  to  replace  existing  electronic  technologies  but 
rather  to  supplement  them. 

In  fact,  there  are  indications  that  if  certain  engineering 
problems  can  be  overcome,  the  technique  may  lead  to  the 
development  of  important  new  electron  tubes  which  do  not 
exist  today.  For  example,  the  technique  might  profitably  be 
applied  to  the  development  of  an  entirely  new  means  of 
obtaining  extremely  high  amplification.  .  .  .  Methods  of 
amplifying  currents  in  gas  or  vacuum  tubes  have  been 
known  since  the  development  of  the  first  practical  high- 
vacuum  tube,  also  at  Bell  Telephone  Laboratories,  approxi¬ 
mately  35  years  ago,  but  this  has  never  been  done  previ¬ 
ously  in  solids. 


Semiconductor 

An  element  that  is  neither  an 
insulator  nor  a  conductor. 


Electronic  systems,  such  as  radios,  televisions,  and  computers,  were  originally  con¬ 
structed  using  vacuum  tubes.  Vacuum  tubes  were  generally  used  to  increase  the  strength 
of  ac  signals  ( amplify )  and  to  convert  ac  energy  to  dc  energy  (rectify).  Although  they  were 
able  to  perform  these  critical  operations  very  well,  vacuum  tubes  had  several  characteris¬ 
tic  problems.  They  were  large  and  fragile,  and  they  wasted  tremendous  amounts  of  power 
through  heat  loss. 

In  the  1940s,  a  team  of  scientists  working  for  Bell  Labs  developed  the  transistor,  the 
first  solid-state  device  capable  of  amplifying  an  ac  signal.  The  term  solid-state  was  coined 
because  the  transistor  was  solid  rather  than  hollow  like  the  vacuum  tube  it  was  designed  to 
replace.  The  transistor  was  also  smaller,  more  rugged,  and  wasted  much  less  power  than 
did  its  vacuum-tube  counterpart.  Since  the  development  of  the  transistor,  solid-state  com¬ 
ponents  have  replaced  vacuum  tubes  in  nearly  every  application. 

Solid-state  components  are  made  from  elements  that  are  classified  as  semiconductors. 
A  semiconductor  element  is  one  that  is  neither  a  conductor  nor  an  insulator  but,  rather, 
lies  halfway  between  the  two.  Under  certain  circumstances,  the  resistive  properties  of  a 
semiconductor  can  be  varied  between  those  of  a  conductor  and  those  of  an  insulator. 
As  you  will  see  later,  it  is  this  characteristic  of  semiconductor  elements  that  makes  them 
useful  as  amplifiers  and  rectifiers. 


Atomic  Theory 


Before  we  get  started,  let’s  discuss  the  reason  for  reviewing  atomic  theory.  Some  coverage 
of  atomic  theory  is  essential  to  understanding  the  characteristics  of  semiconductors.  How¬ 
ever,  our  goal  at  this  time  is  to  establish  what  happens  on  the  atomic  level,  not  why  it  hap¬ 
pens.  As  you  read  through  this  section,  realize  that  the  material  is  being  presented  to  give 
you  a  basic  understanding  of  what  happens  on  the  atomic  level.  Any  physics  text  should 
provide  more  information  if  you  wish  to  learn  more  about  these  principles. 


1.1.1  The  Atom 
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Valence  shell 
The  outermost  shell  that 
determines  the  conductivity  of 
an  atom. 


The  atom  has  been  shown  to  contain  three  basic  particles:  the  protons  and  neutrons  that 
make  up  the  nucleus  (core)  of  the  atom,  and  electrons  that  orbit  about  the  nucleus.  The 
simplest  model  of  the  atom,  called  the  Bohr  model,  is  illustrated  in  Figure  1.1.  The  orbital 
paths,  or  shells,  are  identified  using  the  letters  K  through  Q.  The  innermost  shell  is  the 
K  shell,  followed  by  the  L  shell,  and  so  on.  The  outermost  shell  for  a  given  atom  is  called 
the  valence  shell.  The  valence  shell  of  an  atom  is  critical  because  it  determines  the  con¬ 
ductivity  of  the  atom. 
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Orbital  shells 


The  valence  shell  of  an  atom  can  contain  up  to  eight  electrons.  The  conductivity  of  the 
atom  depends  on  the  number  of  electrons  that  are  in  the  valence  shell.  When  an  atom  has 
one  valence  electron,  it  is  a  nearly  perfect  conductor.  When  an  atom  has  eight  valence 
electrons,  the  valence  shell  is  said  to  be  complete,  and  the  atom  is  an  insulator.  Therefore, 
conductivity  decreases  with  an  increase  in  the  number  of  valence  electrons. 

1.1.2  Semiconductors 

Semiconductors  are  atoms  that  contain  four  valence  electrons.  Because  the  number  of 
valence  electrons  in  a  semiconductor  is  halfway  between  one  (for  a  conductor)  and  eight 
(for  an  insulator),  a  semiconductor  atom  is  neither  a  good  conductor  nor  a  good  insulator. 

Three  of  the  most  commonly  used  semiconductor  materials  are  silicon  (Si),  germa¬ 
nium  (Ge),  and  carbon  (C).  These  atoms  are  all  represented  in  Figure  1.2.  Note  that  each 
of  these  elements  contains  four  valence  electrons.  Of  the  semiconductors  shown,  silicon 
and  germanium  are  used  in  the  production  of  solid-state  components.  Carbon  is  used 
mainly  in  the  production  of  resistors  and  potentiometers. 


Silicon 


FIGURE  1.2  Semiconductor  atoms. 


Carbon 


1.1.3  Charge  and  Conduction 

When  no  outside  force  causes  conduction,  the  number  of  electrons  in  a  given  atom  equals 
the  number  of  protons.  Since  the  charges  of  electrons  (— )  and  protons  (+)  are  equal  and 
opposite,  the  net  charge  on  the  atom  is  zero.  If  an  atom  loses  one  valence  electron,  the 
atom  then  contains  fewer  electrons  than  protons,  and  the  net  charge  on  the  atom  is  posi¬ 
tive.  If  an  atom  with  an  incomplete  valence  shell  gains  one  valence  electron,  the  atom 
contains  more  electrons  than  protons,  and  the  net  charge  on  the  atom  is  negative. 

Some  fundamental  laws  regarding  the  relationship  between  electrons  and  orbital  shells 
have  been  shown  to  be  true: 

1.  Electrons  travel  in  orbital  shells.  They  cannot  orbit  the  nucleus  in  the  space  that 
exists  between  any  two  orbital  shells. 
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2.  Each  orbital  shell  relates  to  a  specific  energy  range.  Thus,  all  the  electrons  travel¬ 
ing  in  a  given  orbital  shell  contain  the  same  relative  amount  of  energy.  Note  that 
the  greater  the  distance  from  the  nucleus,  the  greater  the  energy  level  that  is  associ¬ 
ated  with  a  given  orbital  shell.  Thus,  valence  electrons  always  have  higher  energy 
levels  than  those  in  the  lower  orbital  shells. 

3.  For  an  electron  to  “jump”  from  one  shell  to  another,  it  must  absorb  enough  energy 
to  make  up  the  difference  between  its  initial  energy  level  and  that  of  the  shell  to 
which  it  is  jumping. 

4.  If  an  electron  absorbs  enough  energy  to  jump  from  one  shell  to  another,  it  will  even¬ 
tually  give  up  the  energy  it  absorbed  and  return  to  a  lower-energy  shell. 


Energy  gap 

The  difference  between  the 
energy  levels  of  any  two  orbital 
shells. 

Band 

Another  name  for  an  orbital 
shell. 

eV  (electron-volt) 

The  energy  absorbed  by  an 
electron  when  it  is  subjected  to 
a  1 V  difference  of  potential. 
Conduction  band 
The  band  outside  the  valence 
shell. 


As  shown  in  Figure  1.3,  each  orbital  shell  is  related  to  a  specific  energy  level.  The  dif¬ 
ference  between  the  energy  levels  of  any  two  orbital  shells  is  referred  to  as  an  energy 
gap.  For  an  electron  to  jump  from  one  orbital  shell  to  another,  it  must  absorb  enough 
energy  to  overcome  the  energy  gap  between  the  shells.  For  example,  in  Figure  1.3,  the 
valence  shell,  or  band,  is  shown  to  have  an  energy  level  of  approximately  0.7  electron- 
volt  (eV).  The  conduction  band  is  shown  to  have  an  energy  level  of  1.8  eV.  Thus,  for  an 
electron  to  jump  from  the  valence  band  to  the  conduction  band,  it  would  have  to  absorb 
an  amount  of  energy  equal  to 

1.8  eV  -  0.7  eV  =  1.1  eV 

For  conductors,  semiconductors,  and  insulators,  the  valence  to  conduction-band  energy 
gaps  are  approximately  0.4,  1.1,  and  1.8  eV,  respectively.  The  higher  this  energy  gap,  the 
harder  it  is  to  cause  conduction,  because  more  energy  must  be  absorbed  for  an  electron  to 
jump  to  the  conduction  band. 


Energy 


When  an  electron  absorbs  enough  energy  to  jump  from  the  valence  band  to  the  con¬ 
duction  band,  the  electron  is  said  to  be  in  an  excited  state.  An  excited  electron  will  even¬ 
tually  give  up  the  energy  it  absorbed  and  return  to  its  original  energy  level.  The  energy 
given  up  by  the  electron  is  in  the  form  of  light  or  heat. 


Covalent  bonding 

A  means  of  holding  atoms 
together  by  sharing  valence 
electrons. 


1.1.4  Covalent  Bonding 

Covalent  bonding  is  the  method  by  which  atoms  complete  their  valence  shells  by  “shar¬ 
ing”  valence  electrons  with  other  atoms.  The  covalent  bonding  of  a  group  of  silicon  atoms 
is  represented  in  Figure  1.4.  To  help  illustrate  the  bonding  process,  each  atom  has  been 
represented  by  an  octagon  (eight-sided  figure)  containing  a  square.  The  octagon  repre¬ 
sents  the  valence  shell  of  the  atom,  and  the  square  is  used  to  identify  the  electrons  that 
belong  to  the  particular  atom.  As  you  can  see,  the  center  atom  has  eight  valence  electrons, 
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FIGURE  1.4  Silicon  covalent  bonding. 


four  that  belong  to  the  center  atom  plus  one  that  belongs  to  each  of  the  four  surrounding 
atoms.  These  atoms,  in  turn,  share  electrons  with  four  surrounding  atoms,  and  so  on.  The 
results  of  this  bonding  are: 

1.  The  atoms  are  held  together,  forming  a  solid  substance. 

2.  The  atoms  are  all  electrically  stable,  because  their  valence  shells  are  complete. 

3.  The  completed  valence  shells  cause  the  silicon  to  act  as  an  insulator.  Thus,  intrinsic 
(pure)  silicon  is  a  very  poor  conductor.  The  same  principle  holds  true  for  intrinsic 
germanium. 

When  semiconductor  atoms  bond  together  in  a  set  pattern  like  the  one  shown  in  Figure 
T:4,  the  resulting  material  is  called  a  crystal.  A  crystal  is  a  smooth  glassy  solid.  You  have 
probably  seen  quartz  crystals  at  some  time.  Silicon  and  germanium  commonly  crystallize 
in  the  same  manner.  At  room  temperature,  a  silicon  crystal  has  fewer  free  electrons  than  a 
germanium  crystal.  Therefore,  silicon  is  a  better  insulator  than  germanium  at  room  tem¬ 
perature  (which  is  a  desirable  characteristic).  This  characteristic  is  one  of  the  reasons  why 
silicon  is  used  more  often  than  germanium  to  make  semiconductor  components. 

Carbon  can  crystallize  in  the  same  fashion  as  silicon  and  germanium,  but  carbon  crys¬ 
tals  are  too  expensive  to  use  in  solid-state  component  production.  (Carbon  crystals  are 
more  commonly  known  as  diamonds.) 

1.1.5  Conduction 

When  a  valence  electron  absorbs  enough  energy,  it  jumps  from  the  valence  band  to  the 
conduction  band.  One  result  of  this  action  is  that  a  gap  is  left  in  the  covalent  bond.  This 
gap  is  referred  to  as  a  hole.  It  would  follow  that  for  every  conduction-band  electron,  there 
must  exist  a  valence-band  hole.  The  term  used  to  describe  this  combination  is  electron- 
hole  pair.  The  basic  concept  of  the  electron-hole  pair  is  illustrated  in  Figure  1.5. 

Energy 


FIGURE  1.5  Generation  of  an  electron-hole  pair. 


Intrinsic 

Another  word  for  pure. 


Hole 

A  gap  in  a  covalent  bond. 
Electron-hole  pair 
A  free  electron  and  its  matching 
valence  band  hole. 
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Within  a  few  microseconds  of  becoming  a  free  electron,  an  electron  will  give  up  its 
energy  and  fall  into  one  of  the  holes  in  the  covalent  bond.  This  process  is  known  as 
recombination.  The  time  between  the  generation  of  an  electron-hole  pair  and  recombina¬ 
tion  is  called  the  lifetime  of  the  electron-hole  pair. 


1.1.6  Conduction  Versus  Temperature 

OBJECTIVE  3  ►  At  room  temperature,  thermal  energy  (heat)  causes  the  constant  creation  of  electron-hole 
pairs,  with  their  subsequent  recombination.  Thus,  a  semiconductor  always  has  some  num¬ 
ber  of  free  electrons  even  when  no  voltage  is  applied  to  the  element.  As  you  increase  the 
temperature,  more  electrons  in  the  element  absorb  enough  energy  to  break  free  of  their 
covalent  bonds,  and  the  number  of  free  electrons  increases. 

On  the  other  hand,  if  you  decrease  the  temperature,  there  is  less  thermal  energy  to 
release  electrons  from  their  covalent  bonds,  and  the  number  of  free  electrons  decreases. 
This  relationship  continues  until  the  temperature  reaches  absolute  zero.  Absolute  zero  is, 
by  definition,  the  temperature  at  which  there  is  no  thermal  energy  and  occurs  at 
— 273.16°C  (— ■ 459.69°F).  Since  there  is  no  thermal  energy  at  this  temperature,  there  are 
no  free  electrons.  (There  is  no  energy  for  the  electrons  to  absorb,  so  they  cannot  jump  to 
the  conduction  band.) 

The  important  relationship  here  is  the  fact  that  conductivity  in  a  semiconductor  varies 
directly  with  temperature.  This  is  why  the  current  through  a  semiconductor  increases  as 
the  material  warms  up  and  decreases  when  the  material  cools  down. 


Recombination 

When  a  free  electron  returns  to 
the  valence  shell. 

Lifetime 

The  time  from  electron-hole  pair 
generation  to  recombination. 


Section  Review  ► 


1.  What  are  the  three  particles  that  make  up  the  atom? 

2.  What  is  the  relationship  between  the  number  of  valence  electrons  and  the  conduc¬ 
tivity  of  a  given  element? 

3.  How  many  valence  electrons  are  there  in  a  conductor?  An  insulator?  A  semiconductor? 

4.  What  three  semiconductor  elements  are  most  commonly  used  in  electronics? 

5.  What  are  the  relationships  between  electrons  and  orbital  shells  that  were  listed  in  this 
section? 

6.  What  is  an  energy  gap ?  What  are  the  energy  gap  values  for  insulators,  semiconduc¬ 
tors,  and  conductors? 

7.  What  forms  of  energy  are  given  off  by  an  electron  that  is  falling  into  the  valence 
band  from  the  conduction  band? 


8.  What  is  covalent  bonding ? 

9.  What  are  the  effects  of  covalent  bonding  on  intrinsic  semiconductor  materials? 

10.  What  is  an  electron-hole  pair ? 

11.  What  is  recombinationl 

12.  What  is  the  typical  lifetime  of  an  electron-hole  pair? 

13.  What  is  the  relationship  between  temperature  and  conductivity? 

14.  Why  aren’t  electron-hole  pairs  generated  in  a  semiconductor  when  its  temperature 
drops  to  absolute  zero? 


1.2  Doping 


OBJECTIVE  4  ►  As  you  have  been  shown,  intrinsic  (pure)  silicon  and  germanium  are  poor  conductors. 

This  is  due  partially  to  the  number  of  valence  electrons,  the  covalent  bonding,  and  the 
relatively  large  energy  gap.  Because  of  their  poor  conductivity,  intrinsic  silicon  and 
germanium  are  of  little  use. 
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Doping  is  the  process  of  adding  impurity  atoms  to  intrinsic  silicon  or  germanium  to 
improve  the  conductivity  of  the  semiconductor.  The  term  impurity  is  used  to  describe  the 
doping  elements,  because  the  silicon  or  germanium  is  no  longer  pure  once  the  doping  has 
occurred.  Since  a  doped  semiconductor  is  no  longer  pure,  it  is  called  an  extrinsic  semi¬ 
conductor. 

Two  element  types  are  used  for  doping:  trivalent  and  pentavalent.  A  trivalent  element  is 
one  that  has  three  valence  electrons.  A  pentavalent  element  is  one  that  has  five  valence  elec¬ 
trons.  When  trivalent  atoms  are  added  to  intrinsic  semiconductors,  the  resulting  material  is 
called  a  p-type  material.  When  pentavalent  impurity  atoms  are  used,  the  resulting  material  is 
called  an  n-type  material.  The  most  commonly  used  doping  elements  are  listed  in  Table  1.1. 


TABLE  1.1  Commonly  Used  Doping  Elements 


Trivalent  Impurities 

Pentavalent  Impurities 

Aluminum  (Al) 

Phosphorus  (P) 

Gallium  (Ga) 

Arsenic  (As) 

Boron  (B) 

Antimony  (Sb) 

Indium  (In) 

Bismuth  (Bi) 

Doping 

Adding  impurity  elements  to 
intrinsic  semiconductors. 

Extrinsic 

Another  word  for  impure. 

Trivalent 

Elements  with  three  valence 
shell  electrons. 

Pentavalent 

Elements  with  five  valence 
shell  electrons. 

p-type  material 

A  semiconductor  that  has  added 
trivalent  impurities. 

n-type  material 

A  semiconductor  that  has  added 
pentavalent  impurities. 


1.2.1  AT-Type  Materials 


When  pentavalent  impurities  are  added  to  silicon  or  germanium,  the  result  is  an  excess  of 
electrons  in  the  covalent  bonds.  This  principle  is  illustrated  in  Figure  1.6.  As  you  can  see,  the 
pentavalent  arsenic  atom  is  surrounded  by  four  silicon  atoms.  The  silicon  atoms  bond  with 
the  arsenic  atom,  each  sharing  one  arsenic  electron.  However,  the  fifth  arsenic  electron  is  not 
bound  to  any  of  the  surrounding  silicon  atoms.  As  a  result,  the  fifth  electron  requires  little 
energy  to  break  free  and  enter  the  conduction  band.  If  literally  millions  of  arsenic  atoms  are 
added  to  pure  silicon  or  germanium,  then  millions  of  electrons  are  not  part  of  the  covalent 
bonds.  All  these  electrons  can  be  made  to  flow  through  the  material  with  little  difficulty. 

One  point  that  needs  to  be  understood  is  this:  Even  though  millions  of  electrons  are 
not  part  of  the  covalent  bonding,  the  material  is  still  electrically  neutral.  This  is  because 
each  arsenic  atom  has  the  same  number  of  protons  as  electrons,  just  like  the  silicon  or 
germanium  atoms.  Since  the  overall  numbers  of  protons  and  electrons  in  the  material  are 
equal,  the  net  charge  on  the  material  is  zero. 

Because  there  are  more  conduction-band  electrons  than  valence-band  holes  in  an 
n-type  material ,  the  electrons  are  called  majority  carriers,  and  the  valence-band  holes  are 
called  minority  carriers.  The  relationship  between  majority  and  minority  carriers  in  an 
n-type  material  can  be  better  understood  by  taking  a  look  at  Figure  1.7.  The  valence  band 
is  shown  to  contain  some  holes.  These  holes  are  caused  by  thermal  energy  excitation  of 
electrons,  as  was  discussed  earlier.  With  the  excess  of  conduction-band  electrons,  how¬ 
ever,  the  lifetime  of  an  electron-hole  pair  is  shortened  significantly,  because  the  hole  is 
filled  almost  immediately  by  one  of  the  excess  electrons  in  the  conduction  band. 


Excess  covalent 
bond  electron 


FIGURE  1.6  n-Type  material. 
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FIGURE  1.7  Energy  diagram  (n-type  material). 
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Since  the  only  holes  that  exist  in  the  covalent  bonding  are  those  caused  by  thermal 
energy,  the  number  of  holes  is  far  less  than  the  number  of  conduction-band  electrons. 
This  is  where  the  terms  majority  and  minority  come  from. 

Note  that  the  term  n-type  implies  an  excess  of  electrons.  As  you  will  see,  a  p-type 
material  is  one  with  an  excess  of  holes  and  relatively  few  free  electrons. 


1.2.2  P- Type  Materials 

When  intrinsic  silicon  or  germanium  is  doped  with  a  trivalent  element,  the  resulting 
material  is  called  a  p-type  material.  The  use  of  a  trivalent  element  causes  the  existence 
of  a  hole  in  the  covalent  bonding  structure.  This  point  is  illustrated  in  Figure  1.8.  As  you 
can  see,  the  aluminum  atom  is  shown  to  be  surrounded  by  four  silicon  atoms.  This  time, 
however,  there  is  a  gap  in  the  covalent  bond  caused  by  the  lack  of  a  fourth  valence  elec¬ 
tron  in  the  aluminum  atom.  Now,  instead  of  an  excess  of  electrons,  we  have  an  excess  of 
holes  in  the  covalent  bonds.  This  condition  is  represented  in  Figure  1.9.  The  p-type 
material  is  shown  to  have  an  excess  of  holes  in  the  valence  band.  At  the  same  time,  there 
are  some  electrons  in  the  conduction  band.  Again,  the  free  electrons  in  the  conduction 
band  are  there  because  of  thermal  energy.  Since  there  are  many  more  valence-band  holes 
than  conduction-band  electrons,  the  holes  are  the  majority  carriers  and  the  electrons  are 
the  minority  carriers. 


Energy 


Valence  band 


Covalent  bond  hole 


Conduction  band 
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-  Electrons 
(minority  carriers) 


FIGURE  1.8  p-Type  material. 


FIGURE  1.9  Energy  diagram  (p-type  material). 


Why  are  p-type  materials 

^y.*.  ........ 


Again,  remember  that  the  number  of  electrons  in  the  p-type  material  is  equal  to  the 
number  of  protons.  Even  though  there  are  gaps  in  the  covalent  bonds,  the  proton-electron 
balance  still  exists.  Therefore,  the  net  charge  on  the  p-type  material  is  zero. 


1.2.3  Summary 

OBJECTIVE  5  ►  Figure  1.10  provides  a  quick  summary  of  the  material  presented  in  this  section.  As  you 
will  see,  summary  illustrations  like  Figure  1.10  are  used  extensively  throughout  the  text. 
When  you  come  across  one,  take  time  to  study  the  illustration  and  the  relationships  it 
contains.  This  will  help  you  to  remember  the  points  that  were  made  in  the  section. 

Note  that  the  terms  donor  atom  and  acceptor  atom  are  used  in  Figure  1.10  in  the 
description  of  the  pentavalent  and  trivalent  doping  elements.  The  meanings  of  these  two 
terms  will  be  made  clear  in  the  next  section. 


Section  Review  ► 


1.  What  is  doping ?  Why  is  it  necessary? 

2.  What  is  an  impurity  element ? 

3.  What  are  trivalent  and  pentavalent  elements? 
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Conduction-band  electrons 


Conduction-band  electrons 
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(a) 

FIGURE  1.11  pn-Junction  initial  energy  levels. 


Conduction  band 


FIGURE  1.10 


4.  Despite  their  respective  characteristics,  n-type  and  p-type  materials  are  still  electri¬ 
cally  neutral.  Why? 


5.  In  what  ways  are  n-type  and  p-type  materials  similar?  In  what  ways  are  they 
different? 


1.3  The  PN  Junction 


An  n-type  material  and  a  p-type  material  become  extremely  useful  when  joined  together 
to  form  a  pn  junction.  Figure  1.11  illustrates  the  relative  conditions  of  the  n  and  p  materi¬ 
als  before  and  at  the  moment  they  are  joined  together. 


Section  1.3  The  PN  Junction 


FIGURE  1.12 


FIGURE  1.13 


Figure  1.11a  shows  the  individual  materials.  As  you  can  see,  the  n-type  material  is 
shown  (on  top)  as  containing  an  excess  of  electrons  (solid  circles),  and  the  p-type  mate¬ 
rial  is  shown  as  having  an  excess  of  holes  (open  circles).  The  energy  diagrams  illustrate 
the  relationship  between  the  energy  levels  of  the  two  materials.  Note  that  the  valence 
bands  of  the  two  materials  are  at  slightly  different  energy  levels,  as  are  the  conduction 
bands.  This  is  due  to  differences  in  the  atomic  makeup  of  the  two  materials. 

OBJECTIVE  6  ►  When  the  two  materials  are  joined  together  (Figure  1.1  lb),  the  conduction  and  valence 
bands  of  the  materials  overlap.  This  allows  free  electrons  from  the  n-type  material  to  dif¬ 
fuse  (wander)  to  the  p-type  material.  This  action  and  its  results  are  illustrated  in  Figure 
1.12.  When  a  free  electron  wanders  from  the  n-type  material  across  the  junction,  it 
becomes  trapped  in  one  of  the  valence-band  holes  in  the  p- type  material.  As  a  result,  there 
is  one  net  positive  charge  in  the  n-type  material  and  one  net  negative  charge  in  the  p- type 
material.  This  may  seem  confusing  at  first,  but  it  really  isn’t  that  strange.  Take  a  look  at 
Figure  1.13.  Under  normal  circumstances,  the  covalent  bond  shown  in  the  n-type  material 
would  have  a  total  of  21  valence  electrons  (4  per  silicon  atom  +  5  for  the  pentavalent  atom 
=  21)  and  21  protons  that  offset  the  negative  valence  charges.*  This  balance  between 


*To  simplify  things,  we  consider  only  valence  electrons  and  their  “matching”  protons.  The  actual  number  of  total 
electrons  and  protons  is  not  considered,  because  the  electrical  activity  is  determined  by  the  valence  shell. 
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valence  electrons  and  protons  results  in  a  net  charge  of  zero.  When  an  electron  wanders 
into  the  p-type  material  as  shown: 

1.  The  bond  shown  in  the  n-type  material  has  lost  an  electron.  Now  the  bond  has 
only  20  electrons  but  still  has  21  offsetting  protons.  As  a  result,  the  overall  charge 
is  positive  (+1). 

2.  The  bond  in  the  p-type  material  has  gained  an  electron.  Now  the  bond  has  20  elec¬ 
trons  but  still  has  19  offsetting  protons.  As  a  result,  the  overall  charge  is  negative 
(-1). 

Now  consider  what  happens  on  a  larger  scale.  When  looking  at  the  large-scale  picture, 
there  are  several  things  to  remember: 

1.  Each  electron  that  diffuses  across  the  junction  leaves  one  positively  charged  bond  in 
the  n-type  material  and  produces  one  negatively  charged  bond  in  the  p-type  material. 

2.  Both  conduction-band  electrons  and  valence  shell  holes  are  needed  for  conduction 
through  the  materials.  When  an  electron  diffuses  across  the  junction,  the  n-type 
material  has  lost  a  conduction-band  electron.  When  the  electron  falls  into  a  hole  in 
the  p- type  material,  that  material  has  lost  a  valence-band  hole.  At  this  point,  both 
bonds  have  been  depleted  of  charge  carriers. 

Since  the  action  just  described  happens  on  a  large  scale,  the  junction  ends  up  with  a 
layer  (on  both  sides)  that  is  depleted  of  charge  carriers.  This  layer  is  called  the  deple¬ 
tion  layer  and  is  represented  in  Figure  1.12b.  Note  that  the  overall  charge  of  the  layer 
is  shown  to  be  positive  on  the  n  side  of  the  junction  and  negative  on  the  p  side  of  the 
junction. 

With  the  buildup  of  (-)  charges  on  the  p  side  of  the  junction  and  of  (+)  charges  on  the 
n  side  of  the  junction,  there  is  a  natural  difference  of  potential  between  the  two  sides  of 
the  junction.  This  potential  is  referred  to  as  the  barrier  potential.  The  barrier  potential 
for  a pn  junction  is  typically  in  the  millivolt  range. 


1.3.1  Summary 

When  an  n-type  material  is  joined  with  a  p-type  material: 

1.  A  small  amount  of  diffusion  occurs  across  the  junction.  The  amount  of  diffusion  is 
limited  by  the  difference  between  the  conduction-band  energy  levels  of  the  two 
materials. 

2.  When  electrons  diffuse  into  the  p  region,  they  give  up  their  energy  and  “fall”  into 
the  holes  in  the  valence-band  covalent  bonds. 

3.  Since  the  pentavalent  atoms  (near  the  junction)  in  the  n  region  have  lost  an  electron, 
they  have  an  overall  positive  charge. 

4.  Since  the  trivalent  atoms  (near  the  junction)  in  the  p  region  have  gained  an  electron, 
they  have  an  overall  negative  charge. 

5.  The  difference  in  charges  on  the  two  sides  of  the  junction  is  called  the  barrier 
potential.  This  barrier  potential  is  typically  in  the  millivolt  range. 

Note  that  since  the  pentavalent  atoms  in  the  n  material  are  giving  up  electrons,  they 
are  often  referred  to  as  donor  atoms.  The  trivalent  atoms,  on  the  other  hand,  are 
accepting  electrons  from  the  pentavalent  atoms  and  thus  are  referred  to  as  acceptor 
atoms. 


1.  What  is  the  overall  charge  on  an  n-type  covalent  bond  that  has  just  given  up  a 
conduction-band  electron? 

2.  What  is  the  overall  charge  on  a  p-type  covalent  bond  that  has  just  accepted  an  extra 
valence-band  electron? 

3.  Describe  the  forming  of  the  depletion  layer. 

4.  What  is  barrier  potential ?  What  causes  it? 
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Depletion  layer 

The  area  around  a  pn  junction 
that  is  depleted  of  charge 
carriers.  Note  that  the  depletion 
layer  is  also  referred  to  as  the 
depletion  region. 
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Barrier  potential 

The  natural  potential  across  a 
pn  junction. 


Donor  atoms 

Another  name  for  pentavalent 
atoms. 

Acceptor  atoms 

Another  name  for  trivalent 
atoms. 
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OBJECTIVE  9  ►  A  pn  junction  is  useful  because  we  can  control  the  width  of  its  depletion  layer.  By 
controlling  the  width  of  its  depletion  layer,  we  are  able  to  control  the  resistance  of 
the  pn  junction  and  thus  the  amount  of  current  that  can  pass  through  the  device.  The 
relationship  between  the  width  of  the  depletion  layer  and  the  junction  current  is 


summarized  as: 

Depletion 

Junction 

Junction 

Layer  Width 

Resistance 

Current 

Minimum 

Minimum 

Maximum 

Maximum 

Maximum 

Minimum 

Bias  is  a  potential  applied  to  a  pn  junction  to  obtain  a  desired  mode  of  operation.  This 
potential  is  used  to  control  the  width  of  the  depletion  layer.  The  two  types  of  bias  are 
forward  bias  and  reverse  bias.  Forward  bias  is  a  potential  used  to  reduce  the  resistance 
of  a  pn  junction.  A  forward-biased  pn  junction  has  minimum  depletion  layer  width  and 
junction  resistance.  Reverse  bias  is  a  potential  used  to  increase  the  resistance  of  a  pn 
junction.  A  reverse-biased  pn  junction  has  maximum  depletion  layer  width  and  junction 
resistance.  In  this  section,  we  look  at  the  two  types  of  bias. 

1.4.1  Forward  Bias 

A  pn  junction  is  forward  biased  when  the  applied  potential  causes  the  n-type  material  to  be 
more  negative  than  the  p-type  material.  When  forward  biased,  a  pn  junction  allows  current  to 
pass  with  little  opposition.  The  effects  of  forward  bias  are  illustrated  in  Figure  1.14.  Figure 
1.14a  shows  a  pn  junction  connected  to  a  voltage  source  (V)  and  an  open  switch  (SW^).  The 
energy  diagram  is  included  to  show  the  initial  energy  states  of  the  junction  materials. 


(c)  Conduction  increases  as  the  depletion  layer  breaks  down.  (d)  Bulk  resistance 

FIGURE  1.14  The  effects  of  forward  bias. 


When  SW]  is  closed,  the  voltage  source  is  connected  to  the  pn  junction  as  shown  in 
Figure  1.14b.  As  you  can  see,  a  negative  potential  is  applied  to  the  n-type  material  and  a 
positive  potential  is  applied  to  the  p-type  material.  As  a  result: 

1.  The  conduction  band  electrons  in  the  n-type  material  are  pushed  toward  the  junction. 

2.  The  valence  band  holes  in  the  p-type  material  are  pushed  toward  the  junction. 
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Bias 

A  potential  applied  to  a  pn 
junction  to  obtain  a  desired 
mode  of  operation. 

Forward  bias 

A  potential  used  to  reduce  the 
resistance  of  a  pn  junction. 

Reverse  bias 

A  potential  that  causes  a  pn 
junction  to  have  a  high 
resistance. _ _ 
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Assuming  that  V  is  greater  than  the  barrier  potential  of  the  junction,  the  electrons  in 
the  n-type  material  break  through  the  depletion  layer.  When  this  happens,  the  electrons 
are  free  to  recombine  with  the  holes  in  the  p-type  material,  and  conduction  occurs.  Con¬ 
duction  through  a  pn  junction  is  illustrated  in  Figure  1.14c.  Once  a  pn  junction  begins  to 
conduct,  it  provides  a  slight  opposition  to  current.  This  opposition  to  current  is  referred  to 
as  bulk  resistance.  Bulk  resistance  (illustrated  in  Figure  1.14d)  is  the  combined  resis¬ 
tance  of  the  n-type  and  p-type  materials  as  follows: 

RB  =  Rp  +  Rn 


Bulk  resistance 

The  combined  resistance  of  the 
n-type  and  p- type  materials  in  a 
forward-biased  pn  junction. 


The  value  of  RB  is  typically  in  the  range  of  25  fl  or  less.  The  exact  value  of  RB  for  a  given 
junction  depends  on  the  dimensions  of  the  n-type  and  p- type  materials,  the  amount  of 
doping  used  to  produce  the  materials,  and  the  operating  temperature. 

Since  the  value  of  RB  is  extremely  low,  very  little  voltage  is  dropped  across  this  resis¬ 
tance.  For  this  reason,  the  voltage  drop  across  RB  is  usually  ignored  in  circuit  calculations. 

When  a  forward-biased  pn  junction  begins  to  conduct,  the  forward  voltage  (VF) 
across  the  junction  is  slightly  greater  than  the  barrier  potential  for  the  device.  The  values 
of  VF  are  approximated  as 


Forward  voltage  (V,,) 

The  voltage  across  a  forward- 
biased  pn  junction. 


VF  =  0.7  (for  silicon) 


and 


Vp  ss  0.3  (for  germanium) 


Any  difference  between  the  measured  and  the  approximated  values  of  VF  is  a  result  of 
the  current  through  the  bulk  resistance  of  the  device.  This  point  is  discussed  further  in 
Chapter  2. 

It  should  be  noted  that  there  are  two  ways  in  which  a  pn  junction  can  be  forward  ◄  OBJECTIVE  11 
biased: 


1.  By  applying  a  potential  to  the  n-type  material  that  drives  it  more  negative  than  the 
p-type  material. 

2.  By  applying  a  potential  to  the  p- type  material  that  drives  it  more  positive  than  the 
n-type  material. 

These  two  biasing  methods  are  illustrated  in  Figure  1.15.  In  each  case,  one  of  the  two 
materials  is  connected  to  ground.  In  Figure  1.15a,  a  positive  voltage  is  applied  to  the 
P- type  material.  In  Figure  1.15b,  a  negative  voltage  is  applied  to  the  n-type  material. 
Assuming  the  magnitude  of  the  applied  voltage  in  each  case  is  sufficient,  the  depletion 
layer  breaks  down  and  allows  conduction.  Thus,  we  can  cause  a  pn  junction  to  conduct  by 
driving  the  n-type  material  more  negative  than  the  p-type  material  or  by  driving  the 
p-type  material  more  positive  than  the  n-type  material.  Both  methods  of  forward  biasing  a 
pn  junction  are  used  in  practice. 

1.4.2  Reverse  Bias 

A  pn  junction  is  reverse  biased  when  the  applied  potential  causes  the  n-type  material  to 
be  more  positive  than  the  p-type  material.  When  a  pn  junction  is  reverse  biased,  the  deple¬ 
tion  layer  becomes  wider,  and  junction  current  is  reduced  to  almost  zero.  Reverse  bias 
and  its  effects  are  illustrated  in  Figure  1.16.  Figure  1.16a  shows  a  junction  that  is  forward 
biased.  As  you  have  already  been  shown,  the  junction  is  allowing  current  to  pass  with  lit¬ 
tle  opposition.  If  the  biasing  potential  returns  to  zero,  the  depletion  layer  re-forms  as  elec¬ 
trons  diffuse  across  the  junction.  This  is  illustrated  in  Figure  1.16b. 

When  we  apply  a  voltage  with  the  polarity  shown  in  Figure  1.16c,  the  electrons  in 
the  n-type  material  head  toward  the  positive  terminal  of  the  source.  At  the  same  time, 
the  holes  in  the  p-type  material  move  toward  the  negative  source  terminal.  The  elec¬ 
tron  motion  away  from  the  n  side  of  the  junction  further  depletes  the  material  of  free 


+  V  -V 


FIGURE  1.15  Some  forward- 
biased  pn  junctions. 
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(a)  A  conducting  pn  junction 


(b)  A  depletion  layer  forms  when  the  current  path  is  broken. 


(c)  When  the  polarity  of  Vis  reversed,  the  depletion  layer 
widens  as  charge  carriers  move  away  from  the  junction. 

FIGURE  1.16  The  effects  of  reverse  bias. 


carriers.  The  depletion  layer  has  effectively  been  widened.  The  same  principle  holds 
true  for  the  p  side  of  the  material.  Since  there  are  fewer  holes  near  the  junction,  the 
depletion  layer  has  grown.  The  overall  effect  of  the  widening  of  the  depletion  layer  is 
that  the  resistance  of  the  junction  is  drastically  increased ,  and  conduction  drops  to 
near  zero. 

Figure  1.16  helps  to  demonstrate  another  point  about  reverse  bias.  During  the  time  that 
the  depletion  layer  is  forming  and  growing,  there  is  still  majority  carrier  current  in  both 
materials.  This  diffusion  current  lasts  only  as  long  as  it  takes  the  depletion  layer  to  reach 
its  maximum  width.  Diffusion  current  is  undesirable  in  high-frequency  circuits,  so  special 
diodes  have  been  developed  for  these  type  of  circuits.  (Some  of  these  diodes  are  dis¬ 
cussed  in  Chapter  5.) 

Just  as  there  are  two  ways  to  forward  bias  a  junction,  there  are  two  ways  to  reverse 
bias  a  junction: 


+  1/  -V 


(a)  (b) 

FIGURE  1.17  Some  reverse- 
biased  pn  junctions. 


1.  By  applying  a  potential  to  the  n-type  material  that  drives  it  more  positive  than  the 
/7-type  material. 

2.  By  applying  a  potential  to  the  /7-type  material  that  drives  it  more  negative  than  the 
n-type  material. 

The  junctions  shown  in  Figure  1.17  are  reverse  biased.  Again,  try  to  relate  the  diagrams 
to  the  statements  made  above. 


1.4.3  The  Bottom  Line 

Bias  is  a  potential  applied  to  a  pn  junction  that  determines  the  operating  characteristics  of 
the  device.  Bias  polarities  and  effects  are  summarized  as  follows: 

Bias  Type  Junction  Polarities  Junction  Resistance 

Forward  n-type  material  is  more  (  —  )  than /7-type  material  Extremely  low 

Reverse  p- type  material  is  more  (— )  than  n-type  material  Extremely  high 


The  voltage  across  a  forward-biased  pn  junction  will  be  approximately  equal  to  0.7  V 
for  silicon  and  0.3  V  for  germanium.  When  a  pn  junction  is  reverse  biased,  it  acts  essen¬ 
tially  as  an  open  circuit.  These  points  are  summarized  in  Figure  1.18. 
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Bias: 


Bias 

polarities: 


pn-Junction  Biasing 

Forward 


+V 

9 


-1/ 

9 


1 


Depletion  layer  width: 
Device  resistance:. 
Device  current: 


Minimum 

Minimum 

Maximum 


Reverse 


:+'K 


-V 


Maximum 

Maximum 

Minimum 


FIGURE  1.18 


1.4.4  A  Final  Note 

Up  to  this  point,  we  have  included  both  silicon  and  germanium  in  our  discussions  of 
semiconductor  materials  and  junctions.  Of  the  two,  silicon  is  almost  always  preferred  for 
several  reasons: 

1.  Silicon  is  more  tolerant  of  heat. 

2.  Germanium  oxide  is  water  soluble,  making  germanium  more  difficult  to  process 
than  silicon. 

3.  At  a  given  value  of  reverse  voltage,  germanium  allows  more  leakage  current  than 
does  silicon. 

Since  it  is  the  most  commonly  used  semiconductor,  we  will  limit  future  discussions  to  sil¬ 
icon.  Just  remember  that  germanium-based  circuits  work  the  same  way  as  silicon-based 
circuits.  The  primary  difference  is  in  the  value  of  VF  for  germanium  versus  silicon. 


1.  What  are  the  resistance  and  current  characteristics  of  a  pn  junction  when  its  depletion 
layer  is  at  its  maximum  width?  Its  minimum  width? 

2.  What  purpose  is  served  by  the  use  of  bias ? 

3.  What  effect  does  forward  bias  have  on  the  depletion  layer  width  of  a  pn  junction? 

4.  What  is  the  junction  resistance  of  a  forward-biased  pn  junction? 

5.  What  are  the  approximate  values  of  VF  for  forward-biased  silicon  and  germanium 
/injunctions? 

6.  List  the  commonly  used  methods  for  forward  biasing  a  pn  junction. 

7.  What  effect. does  reverse  bias  have  on  the  depletion  layer  width  of  a  /w  junction? 

8.  What  is  the  junction  resistance  of  a  reverse-biased  pn  junction? 

9.  List  the  commonly  used  methods  for  reverse  biasing  a  /w  junction. 

10.  Why  is  silicon  more  commonly  used  than  germanium  in  the  production  of  solid-state 
components? 


Here  is  a  summary  of  the  major  points  made  in  this  chapter: 

1.  Early  electronic  systems  used  vacuum  tubes  to  amplify  and  rectify  ac  signals.  These 
tubes  were  large,  fragile,  and  wasted  a  tremendous  amount  of  power  through  heat  loss. 
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2.  Vacuum  tubes  (for  the  most  part)  have  been  replaced  by  solid-state  components. 
These  components,  which  are  made  using  semiconductor  materials,  are  smaller, 
more  rugged,  and  more  efficient  than  their  vacuum  tube  counterparts. 

3.  A  semiconductor  element  is  one  that  is  neither  a  conductor  nor  an  insulator,  but 
rather,  lies  halfway  between  the  two.  Under  certain  circumstances,  the  resistive 
properties  of  a  semiconductor  material  can  be  varied  between  those  of  a  conductor 
and  those  of  an  insulator. 

4.  The  outermost  orbital  shell  of  an  atom  is  referred  to  as  the  valence  shell.  This  shell 
is  important  because  it  determines  the  conductivity  of  the  atom. 

a.  Elements  with  one  valence  shell  electron  are  conductors. 

b.  Elements  with  eight  valence  shell  electrons  are  insulators. 

c.  Semiconductor  elements  have  four  valence  shell  electrons. 

5.  The  most  commonly  used  semiconductor  elements  are  carbon,  silicon,  and 
germanium. 

a.  Silicon  and  germanium  are  commonly  used  in  the  production  of  solid-state  com¬ 
ponents. 

b.  Carbon  is  used  primarily  in  the  production  of  resistors  and  potentiometers. 

6.  Many  semiconductor  operating  characteristics  are  based  on  the  following  principles: 

a.  Electrons  travel  in  orbital  shells.  They  cannot  orbit  the  nucleus  in  the  space 
between  shells. 

b.  Each  orbital  shell  has  a  specific  energy  range;  that  is,  the  electrons  orbiting  in  a 
given  shell  have  the  same  relative  amount  of  energy. 

c.  For  an  electron  to  jump  from  one  shell  to  another,  it  must  absorb  enough  energy 
to  make  up  the  difference  between  its  initial  energy  level  and  that  of  the  shell  to 
which  it  is  jumping. 

d.  When  an  electron  jumps  to  a  higher-energy  shell,  it  eventually  releases  the 
energy  it  absorbed  and  returns  to  a  lower-energy  orbit.  (Electrons  always  seek 
the  lowest  possible  energy  shell.) 

7.  When  an  electron  drops  from  one  shell  to  a  lower-energy  shell,  it  releases  energy  in 
the  form  of  light  or  heat. 

8.  Covalent  bonding  is  the  method  by  which  atoms  complete  their  valence  shells  when 
they  “share”  electrons  with  other  atoms  (see  Figure  1.4). 

9.  The  results  of  covalent  bonding  are: 

a.  Atoms  are  held  together,  forming  a  solid  substance. 

b.  The  atoms  are  electrically  stable,  because  their  valence  shells  are  complete. 

c.  The  complete  valence  shells  cause  intrinsic  (pure)  silicon  or  germanium  to  act  as 
an  insulator. 

10.  Silicon  is  a  better  insulator  than  germanium  at  room  temperature.  This  desirable 
characteristic  is  one  of  the  reasons  that  most  solid-state  components  are  made  using 
silicon. 

11.  When  a  valence  electron  jumps  to  a  higher-level  energy  shell,  it  leaves  a  hole  in  the 
covalent  bond.  The  combination  of  the  electron  and  the  hole  is  called  an  electron- 
hole  pair. 

12.  Within  a  few  microseconds  of  becoming  a  free  electron,  the  particle  will  give  up  its 
energy  and  fall  into  a  nearby  valence-shell  hole.  This  process  is  called  recombination. 

13.  The  time  span  from  the  generation  of  an  electron-hole  pair  until  recombination 
occurs  is  called  the  lifetime  of  the  electron-hole  pair. 

14.  Thermal  energy  (heat)  causes  the  constant  creation  of  electron-hole  pairs.  This 
means  that  a  semiconductor  always  has  some  free  electrons  even  when  no  voltage 
is  applied  to  the  element. 

15.  Conductivity  in  a  semiconductor  is  directly  proportional  to  temperature. 

16.  Because  of  their  poor  conductivity,  intrinsic  silicon  and  germanium  are  of  little  use. 

17.  Doping  is  the  process  of  adding  impurities  to  semiconductor  elements  to  improve 
their  conductivity  ratings.  An  impurity  (in  this  case)  is  an  element  other  than  silicon 
or  germanium. 

18.  Trivalent  and  pentavalent  elements  are  commonly  used  as  doping  elements.  (A  list 
of  the  commonly  used  impurity  elements  is  provided  in  Table  1.1.) 
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a.  A  trivalent  element  has  three  valence  electrons. 

b.  A  pentavalent  element  has  five  valence  electrons. 

19.  When  an  intrinsic  semiconductor  element  is  doped  using  a  pentavalent  element,  an 
n-type  material  is  produced  (see  Figure  1.6). 

a.  //-Type  materials  contain  electrons  that  are  not  part  of  the  covalent  bonds.  Rela¬ 
tively  little  energy  is  required  to  force  these  excess  electrons  into  the  conduction 
band. 

b.  Although  n-type  materials  contain  an  excess  of  conduction  band  electrons,  each 
is  offset  by  an  extra  proton  in  the  parent  atom.  Therefore,  n-type  materials  are 
electrically  neutral. 

c.  Conduction  band  electrons  in  an  n-type  material  are  referred  to  as  majority  carriers. 

d.  Valence  band  holes  in  an  n-type  material  are  referred  to  as  minority  carriers. 

20.  When  an  intrinsic  semiconductor  element  is  doped  using  a  trivalent  element,  a 
p-type  material  is  produced  (see  Figure  1.8). 

a.  Trivalent  doping  elements  do  not  provide  enough  electrons  to  complete  the  cova¬ 
lent  bonds  when  added  to  silicon  (or  germanium).  As  a  result,  p-type  material 
contains  an  excess  of  valence  band  holes. 

b.  Although  p-type  materials  contain  an  excess  of  valence  band  holes,  the  total 
numbers  of  protons  and  electrons  are  equal.  Therefore,  p-type  materials  are  elec¬ 
trically  neutral. 

c.  Valence-band  holes  in  a  p-type  material  are  referred  to  as  majority  carriers. 

d.  Conduction-band  electrons  in  a  p-type  material  are  referred  to  as  minority  carriers. 

21.  p- Type  and  n-type  materials  are  compared  in  Figure  1.10. 

22.  p-Type  and  n-type  materials  become  useful  when  joined  together  to  form  a  pn  junc¬ 
tion  (see  Figure  1.12). 

23.  When  a  pn  junction  is  formed: 

a.  A  small  amount  of  diffusion  current  passes  between  the  materials. 

b.  Electrons  that  diffuse  into  the  p-type  material  fall  into  the  excess  valence  band  holes. 

c.  The  atoms  near  the  junction  in  the  n-type  material  have  given  up  electrons,  so 
they  have  a  net  positive  charge. 

d.  The  atoms  near  the  junction  in  the  p-type  material  have  gained  electrons,  so  they 
have  a  net  negative  charge. 

e.  There  is  a  difference  of  potential  between  the  charges  on  the  two  sides  of  the 
junction.  This  difference  of  potential,  called  the  barrier  potential ,  is  typically  in 
the  millivolt  range. 

f.  The  barrier  potential  for  silicon  is  assumed  to  be  approximately  0.7  V.  The  bar¬ 
rier  potential  for  germanium  is  assumed  to  be  approximately  0.3  V. 

24.  The  pentavalent  atoms  in  the  n-type  material  that  lose  electrons  (when  the  junction 
is  formed)  are  referred  to  as  donor  atoms. 

25.  The  trivalent  atoms  in  the  p-type  material  that  gain  electrons  (when  the  junction  is 
formed)  are  referred  to  as  acceptor  atoms. 

26.  Bias  is  a  potential  applied  to  a  pn  junction  to  obtain  a  desired  mode  of  operation. 

27.  Forward  bias  is  used  to  reduce  the  width  of  the  depletion  layer.  This  reduces  the 
resistance  of  the  junction  and  allows  more  current  (per  volt)  to  pass  through  the 
component. 

a.  Forward  bias  is  achieved  when  the  applied  potential  causes  the  n-type  material 
to  be  more  negative  than  the  p-type  material  (see  Figures  1.14  and  1.15). 

b.  When  conducting,  the  forward  voltage  across  a  pn  junction  is  approximately 
0.7  V  (for  silicon)  or  0.3  V  (for  germanium). 

28.  Reverse  bias  is  used  to  increase  the  width  of  the  depletion  layer.  This  increases 
the  resistance  of  the  junction  and  decreases  the  current  (per  volt)  through  the 
component. 

a.  Reverse  bias  is  achieved  when  the  applied  potential  causes  the  n-type  material  to 
be  more  positive  than  the  p-type  material  (see  Figures  1.16  and  1.17). 

b.  A  reverse-biased  pn  junction  acts  (essentially)  as  an  open  circuit,  preventing  the 
flow  of  charge  (current)  through  the  circuit. 

29.  Forward  bias  and  reverse  bias  are  compared  in  Figure  1.18. 


Chapter  1  Chapter  Summary 
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KEY  TERMS 

acceptor  atoms  1 1 

electron-volt  (eV)  4 

negative  voltage  13 

band  4 

energy  gap  4 

rc-type  material  7 

barrier  potential  11 

extrinsic  7 

pentavalent  7 

bias  12 

forward  bias  12 

p-typc  material  7 

bulk  resistance  13 

forward  voltage  (VF)  13 

recombination  6 

conduction  band  4 

germanium  3 

reverse  bias  12 

covalent  bonding  4 

hole  5 

reverse  voltage  (VR)  15 

depletion  layer  1 1 

intrinsic  5 

semiconductor  2 

diffusion  current  14 

lifetime  6 

silicon  3 

donor  atoms  1 1 

majority  carrier  7 

trivalent  7 

doping  7 

electron-hole  pair  5 

minority  carrier  7 

valence  shell  2 
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Chapter  1  Fundamental  Solid-State  Principles 


chapter 


Diodes 


Objectives 

After  studying  the  material  in  this  chapter,  you  should  be  able  to: 

1.  Identify  the  terminals  of  adjunction  diode,  given  the  schematic  symbol  of  the  component. 

2.  Analyze  the  schematic  diagram  of  a  simple  diode  circuit  and  determine: 

a.  Whether  the  diode  is  conducting. 

b.  The  direction  of  current  through  a  conducting  diode. 

3.  List  and  describe  the  three  diode  models  and  the  applications  for  each. 

4.  List  the  main  parameters  of  the  pn-j  unction  diode,  and  explain  how  each  limits  the  use  of 
the  component. 

5.  Determine  the  suitability  of  a  given  diode  for  a  given  application  using  diode  spec  sheets 
and/or  selector  guides. 

6.  Identify  the  schematic  symbol  of  the  zener  diode,  and  determine  the  direction  of  current 
through  the  device. 

7.  Discuss  the  basic  operating  principles  of  the  zener  diode. 

8.  List  the  main  zener  diode  parameters,  and  explain  how  each  limits  the  use  of  the  component. 

9.  Discuss  the  basic  operating  principles  of  the  light-emitting  diode  (LED). 

10.  Calculate  the  value  of  the  current-limiting  resistor  needed  for  an  LED  in  a  given  circuit. 

1 1.  Determine  whether  a  given  prc-junction  diode,  zener  diode,  or  LED  is  good  or  faulty. 

Outline 

2 . 1  Introduction  to  the  PA-Iunction  Diode 

2.2  The  Ideal  Diode 

2.3  The  Practical  Diode  Model 

2.4  Other  Practical  Considerations 

2.5  The  Complete  Diode  Model 

2.6  Diode  Specification  Sheets 
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2.7  Zener  Diodes 

2.8  Zener  Diode  Specification  Sheets 

2.9  Light-Emitting  Diodes  (LEDs) 

2.10  Diode  Testing 
Chapter  Summary 


W  h  i_c  h  _C_a  m  e  _Fir_st? _ 

In  later  chapters,  you  will  learn  about  a  type  of  electronic 
device  called  a  transistor.  While  the  transistor  is  similar  in 
construction  to  a  pn-junction  diode,  it  is  actually  a  more  com¬ 
plex  component  whose  operation  is  based  on  more  complex 
concepts. 

It  would  seem  to  the  casual  observer  that  the  pn-junction 
diode  was  developed  before  the  transistor.  After  aLl,  most 


complex  devices  are  developed  as  outgrowths  of  similar — but 
simpler— devices.  This,  however,  is  not  the  case. 

The  pn-junction  diode  was  actually  developed  almost  six 
years  after  the  first  transistor.  In  fact,  the' transistor  had 
already  been  in  commercial  use  for  two  years  when  Bell  Labo¬ 
ratories  announced  the  development  of  the  pn-junction  diode! 
In  this  instance,  the  chicken  definitely  came  before  the  egg. 


Diode 

A  two-terminal  device  that  acts 
as  a  one-way  conductor. 


The  diode  is  the  most  basic  solid-state  component.  There  are  many  diode  types,  each  with 
its  own  operating  characteristics  and  applications.  The  various  diode  types  are  easily 
identified  by  name,  circuit  application,  and  schematic  symbol.  It  should  be  noted  that  the 
term  diode ,  used  by  itself,  refers  to  the  basic  pn-junction  diode.  All  other  diodes  have 
other  identifying  names,  such  as  zener  diode,  light-emitting  diode,  and  so  on. 

A  diode  is  a  two-electrode  (two-terminal)  device  that  acts  as  a  one-way  conductor.  The 
most  basic  type  of  diode  is  the  pn-junction  diode,  which  is  nothing  more  than  a  pn  junc¬ 
tion  with  a  lead  connected  to  each  of  the  semiconductor  materials.  When  forward  biased, 
this  type  of  diode  conducts.  When  reverse  biased,  diode  conduction  drops  to  nearly  zero. 

In  this  chapter,  we  look  at  the  three  most  commonly  used  types  of  diodes;  the  pn-junction 
diode,  the  zener  diode,  and  the  light-emitting  diode,  or  LED.  Several  types  of  diodes  are 
covered  in  Chapter  5. 


Introduction  to  the  PiV-Junction  Diode 


OBJECTIVE  1  ► 

Cathode 

The  n-type  terminal  of  a  diode. 
Anode 

The  p-type  terminal  of  a  diode. 


The  schematic  symbol  for  the  pn-junction  diode  is  shown  in  Figure  2.1.  The  n-type  mate¬ 
rial  is  called  the  cathode,  and  the  p-type  material  is  called  the  anode. 


FIGURE  2.1 


Anode (A) 

P  type 

pn-Junction  diode  schematic  symbol. 


Cathode  (K) 
ntype 


Recall  that  a  pn  junction  conducts  when  the  n-type  material  (cathode)  is  more  negative 
than  the  p- type  material  (anode).  Relating  this  characteristic  to  the  schematic  symbol  of 
the  diode,  we  can  say  that  a  diode  conducts  when  the  following  conditions  are  met: 

1.  The  arrow  points  to  the  more  negative  of  the  diode  potentials;  that  is,  the  cathode  is 
more  negative  than  the  anode. 

2.  The  difference  of  potential  (voltage)  across  the  anode  and  cathode  leads  exceeds  the 
barrier  potential  of  the  device. 

3.  The  diode  conducts  fully  when  the  forward  voltage  ( VF )  across  the  component  is 
approximately: 

a.  0.7  V  for  a  silicon  diode. 

b.  0.3  V  for  a  germanium  diode. 

OBJECTIVE  2  ►  These  conditions  are  illustrated  in  Figure  2.2,  which  shows  several  forward-biased  (con¬ 
ducting)  diodes.  Note  that  each  diode  symbol  points  to  the  more  negative  potential.  Since 
the  diode  symbol  points  to  the  more  negative  potential  when  the  component  is  conducting, 
the  direction  of  diode  forward  current  is  indicated  by  the  arrow,  as  shown  in  Figure  2.2. 
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+ 


+  V  -V 


FIGURE  2.2  Forward-biased  diodes. 


A  pn-junction  diode  is  reverse  biased  when  the  w-type  material  (cathode)  is  more  posi¬ 
tive  than  the  p-type  material  (anode).  This  causes  the  depletion  layer  to  widen  and  block 
current.  Relating  this  characteristic  to  the  schematic  symbol  for  the  diode,  we  can  make 
the  following  statement:  A  diode  does  not  conduct  when  the  symbol  points  to  the  more 
positive  of  the  diode  potentials.  This  point  is  illustrated  in  Figure  2.3,  which  shows  sev¬ 
eral  reverse-biased  (nonconducting)  diodes.  Note  that  each  diode  symbol  points  to  the 
more  positive  potential. 


FIGURE  2.3  Reverse-biased  diodes. 

2.1.1  Diode  Models 

In  this  chapter,  you  will  be  introduced  to  three  diode  models.  A  model  is  a  representation 
of  a  component  or  circuit  that  demonstrates  one  or  more  of  the  characteristics  of  that 
component  or  circuit.  For  example,  the  dc  model  of  a  capacitor  may  represent  the  compo¬ 
nent  as  an  open  circuit,  since  a  capacitor  blocks  dc.  At  the  same  time,  the  ac  model  of  a 
capacitor  may  represent  the  component  as  a  variable  reactance,  since  the  reactance  of  a 
capacitor  varies  inversely  with  frequency. 

Component  models  are  usually  used  to  represent  the  component  under  specific  cir¬ 
cumstances  or  in  specific  applications.  As  you  will  see,  the  diode  model  that  you  use 
depends  on  what  you  are  trying  to  do. 


Model 

A  representation  of  a 
component  or  circuit  that 
demonstrates  one  (or  more)  of 
its  characteristics. 


Section  2.1  Introduction  to  the  W-Junction  Diode 
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OBJECTIVE  3  ► 


Troubleshooting 

The  process  of  locating  faults 
in  electronic  equipment. 


The  first  diode  model  that  we  cover  is  called  the  ideal  diode  model.  This  model  repre¬ 
sents  the  diode  as  a  simple  switch  that  is  either  closed  (conducting)  or  open  (nonconduct¬ 
ing).  This  model  is  used  only  in  the  initial  stages  of  troubleshooting,  as  will  be  explained 
in  Section  2.2. 

The  practical  diode  model  is  a  bit  more  complex  than  the  ideal  diode  model.  The  prac¬ 
tical  model  includes  the  diode  characteristics  that  are  considered  when  mathematically 
analyzing  a  diode  circuit  and  when  determining  whether  a  given  diode  can  be  used  in  a 
given  circuit.  The  practical  diode  model  will  be  covered  in  Section  2.3. 

The  complete  diode  model  is  the  most  accurate  of  the  diode  models.  It  includes  sev¬ 
eral  diode  characteristics  that  are  generally  considered  only  for  circuit  development 
(engineering),  high-frequency  analysis,  and  so  on.  Other  characteristics  included  in  this 
model  can  be  used  to  explain  many  of  the  differences  between  predicted  and  measured 
circuit  values.  Note  that  the  characteristics  in  this  model  are  not  usually  considered  on  a 
regular  basis  by  the  average  technician.  We  will  look  at  the  complete  diode  model  in 
Section  2.5. 

The  three  diode  models  and  their  applications  are  summarized  in  Table  2.1. 


TABLE  2.1  Diode  Model  Summary 


Diode  Model  Applications 


Ideal 

Circuit  troubleshooting 

Practical 

Mathematical  circuit  analysis 

Determining  suitability  of  a  diode  for  a  given  application 

Complete 

Circuit  development  (engineering) 

Special-case  circuit  analysis 

Explaining  differences  between  predicted  and  measured  circuit  values 

Section  Review  ► 


1.  What  is  a  diode ? 

2.  What  type  of  bias  causes  a  diode  to  conduct ? 

3.  What  type  of  bias  causes  a  diode  to  block  current? 

4.  Draw  the  symbol  for  a  diode,  and  label  the  terminals. 

5.  What  polarity  is  required  to  forward  bias  a  diode? 

6.  When  analyzing  a  schematic  diagram,  how  do  you  determine  whether  a  diode  is 
conducting? 

7.  When  analyzing  a  schematic  diagram,  how  do  you  determine  the  direction  of  diode 
current?  Explain  your  answer. 

8.  When  is  the  ideal  diode  model  used? 

9.  When  is  the  practical  diode  model  used? 

10.  When  is  the  complete  diode  model  used? 


The  Ideal  Diode 


The  ideal  diode  is  viewed  as  a 


The  ideal  diode  is  viewed  as  an  open  switch  when  it  is  reverse  biased  and  as  a  closed 
switch  when  forward  biased.  You  may  recall  that  a  switch  has  the  following  characteristics. 

Switch  Condition  Switch  Characteristics  _ 


Open  Infinite  resistance,  allowing  no  current 

Full  applied  voltage  dropped  across  the  component  terminals 

Closed  No  resistance,  allowing  maximum  current 

No  voltage  dropped  across  the  component  terminals 
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Based  on  the  characteristics  of  a  switch,  we  can  make  the  following  statements  about 
the  ideal  diode: 

1.  When  reverse  biased  (open  switch ): 

a.  The  diode  has  infinite  resistance. 

b.  The  diode  does  not  pass  current. 

c.  The  diode  drops  the  applied  voltage  across  its  terminals. 

2.  When  forward  biased  (closed  switch): 

a.  The  diode  has  no  resistance. 

b.  The  diode  does  not  limit  the  current  through  it. 

c.  The  diode  has  no  voltage  drop  across  its  terminals. 

The  graph  in  Figure  2.4  illustrates  the  characteristics  of  the  ideal  diode  model.  Diode 
forward  voltage  ( VF )  and  reverse  voltage  (VR)  are  measured  along  the  positive  and  nega¬ 
tive  x-axes,  respectively.  Diode  forward  current  (IF)  and  reverse  current  (IR)  are  measured 
along  the  positive  and  negative  y-axes,  respectively.  Quadrant  I  of  the  graph  is  labeled  as 
the  forward  operating  region ,  because  every  combination  of  VF  and  IF  falls  within  this 
region  of  the  graph.  By  the  same  token,  Quadrant  III  of  the  graph  is  labeled  as  the  reverse 
operating  region. 


If 


n 

Forward 

operating 

region 

I 

m 

m 

Reverse 

operating 

region 

1 

FIGURE  2.4  Characteristics  of  the  ideal  diode. 

The  reverse  operating  region  in  Figure  2.4  illustrates  the  reverse-bias  characteristics  of 
the  ideal  diode.  Note  that  as  reverse  voltage  (VR)  increases,  reverse  current  (1R)  remains 
at  zero.  This  implies  that  the  reverse-biased  diode  is  an  open  circuit  (just  like  an  open 
switch),  because  there  is  no  current  through  the  device  regardless  of  the  value  of  the 
applied  voltage.  Since  the  reverse-biased  diode  is  acting  as  an  open,  the  applied  voltage 
is  dropped  across  the  terminals  of  the  device.  This  point  is  illustrated  in  Example  2.1. 

EXAMPLE  2.1 _ 

Determine  the  values  of  VDl,IT,  and  VRi  for  the  circuit  shown  in  Figure  2.5. 

Solution:  The  arrow  in  the  schematic  symbol  is  pointing  toward  the  positive  ter¬ 
minal  of  the  source,  so  we  know  that  the  diode  is  reverse  biased.  Therefore: 

a.  The  full  applied  voltage  is  dropped  across  £>,. 

Vm  =  V4-  =  5  V 

b.  D|  does  not  allow  conduction.  Therefore,  IT  =  0  A. 

c.  Since  there  is  no  current  through  Rh  there  is  no  voltage  across  the  component 
(V,1  =  0V). 


What  are  the  characteristics  of 

the  ideal  diode? 


Reverse  voltage  (VR) 

The  voltage  across  a  reverse- 
biased  diode. 

Reverse  current  (fR) 

The  current  through  a  reverse- 
biased  diode. 


1  kft 

A/W 


FIGURE  2.5 
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The  Ideal  Diode 
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Practice  Problem  2.1 

A  series  circuit  consists  of  a  12  V  source,  a  470  Cl  resistor  (R\),  a  330  Cl  resistor 
(R2),  and  a  diode.  If  the  diode  is  reverse  biased,  what  is  the  value  of  VR{!  What  is 
the  value  of  Vs2? 


What  determines  the  value  of 


The  forward  operating  region  in  Figure  2.4  illustrates  the  forward-bias  characteristics 
of  the  ideal  diode.  Note  that  the  forward  voltage  (  VF)  across  the  diode  is  assumed  to  be 
0  V  for  this  diode  model,  while  forward  current  (If)  is  shown  to  be  at  some  measurable 
value.  When  the  ideal  diode  is  forward  biased,  the  value  of  IF  is  determined  by  the  volt¬ 
age  and  resistance  values  that  are  external  to  the  component.  This  point  is  illustrated  in 
Example  2.2. 


i  kn 


FIGURE  2.6 


EXAMPLE  2.2 _ _ _ 

Determine  the  values  of  Vm,  VRU  and  IT  for  the  circuit  shown  in  Figure  2.6. 

Solution:  The  arrow  in  the  schematic  symbol  is  pointing  toward  the  negative  ter¬ 
minal  of  the  source,  so  we  know  that  the  diode  is  forward  biased.  Therefore: 

a.  VD1  =  0  V,  leaving  the  total  applied  voltage  across  Rv 

b.  VRl  =  Vs  =  5  V. 

c.  /r  is  determined  by  the  source  voltage  and  Rt.  By  formula, 


Practice  Problem  2.2 

A  series  circuit  consists  of  a  12  V  source,  a  470  Cl  resistor,  a  330  Cl  resistor,  and  a 
diode.  If  the  diode  is  forward  biased,  what  is  the  ideal  value  of  IT  for  the  circuit? 


If  you  compare  the  values  found  in  Examples  2.1  and  2.2  with  the  switch  character¬ 
istics  described  earlier,  you  will  see  that  the  diode  was  treated  as  an  ideal  switch  in 
both  cases.  The  forward  and  reverse  characteristics  of  the  ideal  diode  are  summarized 
in  Figure  2.7. 


Ideal  Diode  Characteristics 


Bias 

Forward 

Reverse 

Biasing 

polarities: 

W - H - « 

If  r  Vtvt 

Equivalent  circuit: 

(Closed  switch) 

(Open  switch) 

Device  resistance: 

Zero 

infinite 

Device  current: 

Anode-to-cathode. 
Controlled  by 
external  resistance 
and  voltage. 

Zero 

Anode-to-cathode  voltage: 

Zero 

Equal  to  the 

(+) 


applied  voltage. 


FIGURE  2.7 
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2.2.1 


When  Do  We  Use  the  Ideal  Diode  Model? 

Normally,  the  ideal  model  of  the  diode  is  used  in  the  initial  stages  of  circuit  troubleshoot¬ 
ing.  When  troubleshooting  most  diode  circuits,  your  initial  concern  is  only  whether  a 
given  diode  is  acting  as  a  one-way  conductor.  If  it  is,  the  component  is  assumed  to  be 
good.  If  it  is  not,  the  component  is  faulty  and  must  be  replaced. 


1.  What  are  the  forward  characteristics  of  the  ideal  diode  model?  -4  Section  Review 

2.  What  are  the  reverse  characteristics  of  the  ideal  diode  model? 

3.  When  do  we  use  the  ideal  diode  model? 


2.3  The  Practical  Diode  Model 


In  our  discussion  of  the  ideal  diode,  we  did  not  consider  many  of  the  diode  characteristics 
that  must  be  dealt  with  by  working  technicians  on  a  regular  basis.  One  of  these  character¬ 
istics,  forward  voltage,  is  normally  considered  in  the  mathematical  analysis  of  a  diode 
circuit.  Many  other  practical  diode  characteristics  are  used  when  determining  whether 
one  diode  may  be  used  in  place  of  another  or  in  a  specific  circuit.  These  characteristics 
include  peak  reverse  voltage,  average  forward  current,  and  forward  power  dissipation. 

In  this  section,  we  will  take  a  look  at  forward  voltage  ( VF )  and  the  effect  that  it  has  on 
the  mathematical  analysis  of  basic  diode  circuits.  The  other  characteristics  listed  are 
covered  in  detail  in  Section  2.4. 


2.3.1  Forward  Voltage  ( VF ) 

In  Chapter  1,  we  established  the  fact  that  a  slight  voltage  is  developed  across  a  forward- 
biased  pn  junction.  The  effect  of  this  forward  voltage  (Vf)  on  the  diode  characteristic 
curve  is  illustrated  in  Figure  2.8. 


Ideal  Practical 

(a)  (b) 


FIGURE  2.8  Diode  characteristic  curves. 


Figure  2.8a  is  the  same  ideal  diode  characteristic  curve  that  was  shown  in  Figure  2.4. 
Note  that  the  point  where  IF  suddenly  increases  is  labeled  Vk  in  the  figure.  This  label  is 
commonly  used  to  identify  what  is  called  the  knee  voltage  on  a  voltage-versus-current 
graph.  The  term  knee  voltage  (V*)  is  often  used  to  describe  the  point  on  a  voltage-versus- 
current  graph  where  current  suddenly  increases  or  decreases.  As  you  can  see,  the  ideal 
diode  model  assumes  a  knee  voltage  of  0  V. 

In  Figure  2.8b,  we  see  the  practical  diode  characteristic  curve.  The  only  difference 
between  this  curve  and  the  one  shown  for  the  ideal  diode  model  is  the  value  of  VF.  In  the 
practical  diode  curve,  the  value  of  Vk  is  shown  to  be  equal  to  the  approximated  value  of 
VF  for  a  silicon  pn  junction,  0.7  V.  In  an  actual  circuit,  the  VF  may  fall  between  0.7  V  and 
1.1  V,  depending  on  the  current  through  the  device. 


Knee  voltage  (V*) 

The  voltage  at  which  device 
current  suddenly  increases  or 
decreases. 
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Using  the  curve  shown  in  Figure  2.8b,  we  can  make  the  following  statements  about  the 
What  are  the  forward  operating  forward  operating  characteristics  of  the  practical  diode, 
characteristics  of  ihe-practical 

1.  Diode  current  remains  at  zero  until  the  knee  voltage  is  reached. 

2.  Once  the  applied  voltage  reaches  the  value  of  Vk,  the  diode  turns  on,  and  forward 
conduction  occurs. 

3.  As  long  as  the  diode  is  conducting,  the  value  of  VF  is  approximately  equal  to  Vk.  In 
other  words,  VF  is  assumed  to  be  approximately  0.7  V,  regardless  of  the  value  of  IF. 


FIGURE  2.9 


2.3.2  The  Effect  of  VF  on  Circuit  Analysis 

So,  how  does  including  the  value  of  VF  change  the  analysis  of  a  diode  circuit?  To  answer 
this  question,  let’s  take  a  look  at  the  circuit  shown  in  Figure  2.9.  According  to  Kirchhoff’s 
voltage  law,  the  sum  of  the  component  voltages  in  the  circuit  must  equal  the  applied  volt¬ 
age.  By  formula, 


Vr  —  V/r  +  Vrj 


If  we  substitute  the  value  of  Vk  (0.7  V)  for  VF  and  rearrange  the  equation  to  solve  for  VRh 
we  get 


V*,  =  VS-0.7V 


(2.1) 


According  to  Ohm’s  law, 


Substituting  equation  (2.1)  in  place  of  Vm  in  the  above  equation,  we  get 


IT  '■ 


Vs  ~  0.7  V 


(2.2) 


Using  equations  (2.1)  and  (2.2),  we  can  determine  the  following  values  for  the  circuit  in 
Figure  2.9: 


Vri  =  -  0.7  V  =  5  V  -  0.7  V  =  4.3  V 


and 


Ij  — 


-  0.7  V  5  V  -  0.7  V 


i  m 


4.3  raA 


If  you  compare  these  values  with  those  obtained  for  the  same  circuit  in  Example  2.2, 
you’ll  see  the  effect  of  including  VF  on  the  results  of  the  circuit  analysis.  The  current  and 
voltage  values  calculated  for  the  circuit  in  Figure  2.9  are  summarized  as  follows: 


Value  Ideal  Practical 


VF  0V  0.7V 

yR1  5  V  4.3  V 

IT  5  mA  4.3  mA 


Examples  2.3  and  2.4  further  demonstrate  the  effect  of  VF  on  circuit  calculations. 
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EXAMPLE  2.3 


Predict  the  voltmeter  reading  in  Figure  2.10. 

Solution:  The  voltage  across  the  diode  is  assumed  to  be  0.7  V.  Thus,  the  voltage 
across  the  resistor  will  be  equal  to  the  difference  between  the  source  voltage  and 
the  value  of  VF.  By  formula, 

VR1  =  Vs  -  0.7  V  =  6  V  -  0.7  V  =  53V 
Practice  Problem  2.3 

A  circuit  like  the  one  in  Figure  2.10  has  a  15  V  source.  Determine  the  voltage 
across  the  resistor. 


FIGURE  2.10 


EXAMPLE  2.4 


Determine  the  total  current  in  the  circuit  shown  in  Figure  2.10. 
Solution:  The  total  circuit  current  is  found  as 


It  — 


0.7  V  6  V  -  0.7  V 


K. 


io  kn 


=  530  |aA 


Practice  Problem  2.4 

A  circuit  like  the  one  shown  in  Figure  2.10  has  a  5  V  source  and  a  510  ft  resistor. 
Determine  the  value  of  IT  for  the  circuit. 


2.3.3  Percentage  of  Error 

In  most  practical  analysis  problems,  a  calculated  value  is  considered  to  be  accurate 
enough  if  it  is  within  ±  10%  of  the  actual  measured  value.  The  percentage  of  error  in  a 
given  calculation  is  determined  using 


>  of  error  = 


Ix-rl 


X 


-X  100 


(2.3) 


Lab  Reference:  Percentage  of  error 
calculations  appear  throughout  the 
lab  manual,  beginning  in  Exercise  2. 


where  X  =  the  measured  value 
X’  =  the  calculated  value 

Using  the  ideal  diode  model  in  circuit  calculations  can  introduce  a  percentage  of  error  in 
the  results  that  is  not  acceptable  (that  is,  not  within  ±  10%).  For  example,  we  used  the 
ideal  and  practical  diode  models  to  determine  the  value  of  VR]  for  the  circuit  shown  in 
Figure  2.9.  The  percentage  of  error  introduced  by  using  the  ideal  diode  model  in  this  case 
would  be  found  as 


14  3  V  -  5  Vl 

%  of  error  =  '  - 1  X  100  =  1638% 


As  you  can  see,  the  percentage  of  error  is  greater  than  10%  and  therefore  is  not  accept¬ 
able.  This  is  why  we  use  the  practical  diode  model  in  most  circuit  analysis  problems. 

When  more  than  one  resistor  is  in  series  with  a  diode,  the  total  resistance  (Rr)  must  be 
used  in  determining  the  value  of  IT ,  as  was  the  case  in  all  the  circuits  you  studied  in  basic 
electronics.  This  point  is  illustrated  in  Example  2.5. 
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EXAMPLE  2.5 


i — Wv - W 


5V^r  lT 


R2 

2.2  kft 


Determine  the  value  of  IT  for  the  circuit  shown  in  Figure  2.11. 

Solution:  For  the  circuit  shown,  we  can  calculate  the  total  circuit  current  using 


h  = 


Vs 


0.7  V  5  V  -  0.7  V 


Rt 


3.4  m 


1.26  mA 


FIGURE  2.11  Practice  Problem  2.5 

A  circuit  like  the  one  in  Figure  2.11  has  the  following  values:  /?]  =  330  Cl,  R2  = 
220  Cl,  and  Vs  =  2  V.  Calculate  the  value  of  the  circuit  current. 


Note  that  we  used  RT  in  place  of  R,  in  equation  (2.2)  to  solve  the  circuit  in  Example  2.5. 

Just  as  you  must  consider  the  total  resistance  in  the  analysis  of  a  diode  circuit,  you 
must  consider  the  sum  of  the  diode  voltage  drops  if  there  are  several  series-connected 
diodes  in  a  circuit.  This  point  is  illustrated  in  Example  2.6. 


fli 

Di  5.1  kft 


1's  —±: 

4V= 


1 — N - Wv — | 

_L  ^ 

y_ 

FIGURE  2.12 


EXAMPLE  2.6 _ 

Determine  the  value  of  IT  for  the  circuit  shown  in  Figure  2.12. 

Solution:  With  two  diodes  in  the  circuit,  the  total  value  of  VF  is  assumed  to  be 
1.4  V.  Using  this  value  in  the  place  of  0.7  V  in  equation  (2.2)  allows  us  to  determine 
the  value  of  IT  as  follows: 


Vs  ~  1.4  V  4  V  —  1.4  V 


/?! 


5.1  kfl 


509.8  |J.A 


Practice  Problem  2.6 

A  series  circuit  consists  of  two  forward-biased  diodes,  a  470  O  resistor,  a  330  Cl 
resistor,  and  a  6  V  source.  What  is  the  value  of  IT  for  the  circuit? 


Now,  here’s  one  more  example  to  tie  everything  together. 


FIGURE  2.13 


EXAMPLE  2.7 _ 

Determine  the  value  of  IT  for  the  circuit  shown  in  Figure  2.13  using  the  ideal  diode 
model.  Then  recalculate  the  value  using  the  practical  diode  model.  What  is  the  per¬ 
centage  of  error  introduced  by  using  the  ideal  diode  model? 

Solution:  The  ideal  diode  model  assumes  that  VF  =  0  V.  Therefore,  the  total 
applied  voltage  is  dropped  across  the  two  resistors,  and  lT  is  found  as 


_ ••  w.: 

_ 

The  practical  diode  model  assumes  that  VF  =  0.7  V  for  each  diode.  Therefore,  the 
value  of  lT  is  found  as 


-  1.4  V  10  V  -  1.4  V 
Rt  =  3.3  kH 


=  2.61  mA 
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The  percentage  of  error  between  the  two  calculations  is  found  as 


„  ,  |2.61mA  -  3.03  mA  | 

%  of  error  = - — - -  X  100  =  16.1% 

2.61 


Note  that  the  value  of  IT  found  using  the  practical  diode  model  was  used  in  the 
denominator  of  the  fraction  in  the  percentage  of  error  calculation.  This  value  was 
used  because  the  practical  value  is  always  assumed  to  be  closer  than  the  ideal  to  the 
actual  value  of  IT. 

Practice  Problem  2.7 

Refer  to  Practice  Problem  2.6.  Recalculate  the  value  of  total  circuit  current  using 
the  ideal  diode  model.  Then  determine  the  percentage  of  error  introduced  by  using 
this  diode  model. 


2.3.4  One  Final  Note 

It  can  be  argued  that  it  isn’t  always  necessary  to  include  the  diode  forward  voltage  in  cir¬ 
cuit  calculations.  For  example,  if  a  forward-biased  diode  and  a  resistor  are  in  series  with  a 
100  V  source,  ignoring  the  0.7  V  across  the  diode  causes  an  error  of  less  than  1%  in  the 
circuit  calculations  (which  is  well  within  acceptable  limits).  While  this  argument  is  valid, 
we  are  always  interested  in  getting  the  most  accurate  results  possible  (within  reason),  so 
we  always  use  the  practical  diode  model  in  our  circuit  calculations. 

In  the  next  section,  we  will  look  at  the  factors  that  must  be  considered  when  determin¬ 
ing  whether  a  specific  diode  can  be  used  in  a  given  situation.  While  these  factors  are  not 
normally  considered  in  voltage  and  current  calculations,  they  are  very  important  when  it 
comes  to  actually  working  with  diode  circuits. 


1.  What  diode  characteristic  must  be  considered  in  the  mathematical  analysis  of  a  diode  ◄  Section  Review 
circuit? 

2.  Which  diode  characteristics  are  normally  considered  when  replacing  one  diode  with 
another? 

3.  What  is  the  assumed  value  of  a  knee  voltage  for  a  silicon  diode? 

4.  List  the  characteristics  of  the  practical  forward-biased  jiiode. 

5.  How  does  including  the  value  of  VF  affect  the  accuracy  of  circuit  calculations? 

6.  How  accurate  must  practical  calculations  be  before  they  are  considered  to  be  acceptable? 

7.  A  circuit  voltage  is  calculated  to  be  10  V.  The  actual  value  of  this  voltage  is  12.2  V. 

What  is  the  percentage  of  error  in  the  calculation? 

8.  Why  do  you  think  the  measured  value  is  used  (as  opposed  to  the  calculated  value)  in  ◄  Critical  Thinking 
the  denominator  of  equation  (2.3)? 


2.4  Other  Practical  Considerations 


While  troubleshooting  a  circuit,  you  find  that  a  diode  in  the  circuit  is  faulty  and  must  be  ◄  OBJECTIVE  4 
replaced.  Now  you  discover  that  you  have  a  wide  variety  of  diodes  in  stock,  but  none  of 
them  has  the  same  part  number  as  the  one  that  needs  replacing.  How  can  you  determine 
whether  a  specific  diode  can  be  used  in  place  of  the  faulty  one?  Several  diode  characteris¬ 
tics  must  be  considered  when  determining  whether  a  specific  diode  can  be  used  in  a  given 
circuit.  These  characteristics  are  peak  reverse  voltage,  average  forward  current,  and  for¬ 
ward  power  dissipation. 
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2.4.1  Peak  Reverse  Voltage  (VRRM) 


Peak  reverse  voltage  (VRRM) 
The  maximum  reverse  voltage 
that  won’t  force  a  pn-junction 
to  conduct. 


Any  insulator  will  conduct  if  an  applied  voltage  is  high  enough  to  cause  the  insulator  to 
break  down.  For  a  reverse-biased  diode,  the  maximum  reverse  voltage  that  won ’t  force 
the  diode  to  conduct  is  called  the  peak  reverse  voltage  ( VRRM ).  When  VRRM  is 
exceeded,  the  depletion  layer  may  break  down  and  allow  the  diode  to  conduct  in  the 
reverse  direction.  Typical  values  of  VRRM  range  from  a  few  volts  (for  zener  diodes)  to 
thousands  of  volts. 

The  effect  that  VRRM  has  on  the  diode  characteristic  curve  is  illustrated  in  Figure  2.14. 
Note  that  the  value  of  reverse  current  ( IR )  is  shown  to  be  zero  until  the  value  of  VRRM 
(-70  V,  in  this  case)  is  exceeded.  When  VR  >  VRRM,  the  value  of  IR  increases  rapidly  as 
the  depletion  layer  breaks  down.  Normally,  when  a  pn-junction  diode  is  forced  to  conduct 
in  the  reverse  direction,  the  device  is  destroyed.  A  zener  diode,  on  the  other  hand,  is 
designed  to  work  in  the  reverse  direction  without  harming  the  diode.  This  point  is  dis¬ 
cussed  in  detail  later  in  this  chapter. 


Ir 


FIGURE  2.14 


Avalanche  current 

The  current  that  occurs  when 
VRRM  is  exceeded.  Avalanche 
current  can  generate  sufficient 
heat  to  destroy  a  pn-junction 
diode. 

Parameter 

A  limit. 


A  Practical  Consideration: 
Most  peak  reverse  voltage 
ratings  for  pn-junction  diodes 
are  multiples  of  50  or  100  V. 
Corwntm  vaiaes  ^e  5Q,  lOGgf 

a:  :.s.  ...  . . ■  : 


The  current  generated  through  a  pn-junction  diode  when  VR  >  VRRM  is  called 
avalanche  current.  This  name  describes  a  process  where  one  free  electron  bumps  other 
electrons  in  the  diode,  causing  them  to  break  free  from  their  covalent  bonds,  which  then 
rapidly  causes  even  more  electrons  to  be  broken  free,  and  so  on.  The  result  is  that  the 
diode  is  destroyed  by  excessive  current  and  the  heat  it  produces. 

Peak  reverse  voltage  is  a  very  important  parameter  (limit).  When  you  are  considering 
whether  to  use  a  specific  diode  in  a  given  application,  you  must  ensure  that  the  compo¬ 
nent’s  VRRM  rating  is  greater  than  the  maximum  reverse  voltage  in  the  circuit.  For  exam¬ 
ple,  consider  the  circuit  in  Figure  2.15.  During  the  negative  alternation  of  the  input,  the 
peak  value  of  the  source  (50  V)  is  dropped  across  the  reverse-biased  diode.  Therefore,  the 
VRRM  rating  for  D,  must  be  greater  than  50  V  to  ensure  that  the  component  isn’t  damaged 
or  destroyed  by  the  voltage  source. 


FIGURE  2.15 
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In  practice,  the  diode  used  in  a  given  circuit  should  have  a  VRRM.  that  is  at  least  20% 
greater  than  the  maximum  voltage  it  is  expected  to  block.  For  example,  with  a  peak  reverse 
voltage  (VR(pk))  of  50  V,  the  diode  used  in  Figure  2.15  would  require  a  minimum  VRRM  rating  of 

VRRM  =  1.2Vfl(pk)  =  (1.2)(50  V)  =  60  V  ( minimum ) 

As  long  as  the  diode  used  in  the  circuit  has  a  VRRM  rating  that  is  equal  to  (or  greater 
than)  60  V,  it  will  be  able  to  handle  minor  variations  in  the  source  amplitude  without 
being  driven  beyond  its  reverse  voltage  limit. 

One  point  should  be  made  at  this  time:  As  long  as  the  VRRM  rating  of  a  diode  is  at  least 
20%  greater  than  the  maximum  reverse  voltage  produced  in  a  circuit,  we  are  not  really 
concerned  about  its  exact  value.  For  example,  if  the  diode  in  Figure  2.15  had  to  be 
replaced,  we  could  use  one  with  a  VRRM  rating  of  100,  200,  or  even  1000  V.  This  point  is 
demonstrated  in  Example  2.8. 

EXAMPLE  2.8 _ 

The  diode  in  the  circuit  shown  in  Figure  2.16  is  faulty  and  must  be  replaced.  When 

checking  the  parts  bin,  you  see  that  you  have  the  following  diodes  in  stock: 

400  Vpk  0  N 


FIGURE  2.16 


Diode  Part  Number 


1N4001 

1N4002 

1N4003 

1N4004 

1N4005 

1N4006 

1N4007 


Peak  Reverse  Voltage 

50 

100 

200 

400 

600 

800 

lflOO 


Which  of  these  components  could  be  used  to  replace  the  faulty  diode? 

Solution:  Since  the  peak  value  of  the  source  is  400  Vpk,  there  is  a  full  400  V 
across  the  diode  terminals  whenever  the  device  is  reverse  biased.  Therefore,  the 
V RRM  rating  of  the  replacement  part  must  be  at  least  20%  greater  than  400  V. 
Therefore,  the  only  diodes  we  can  use  safely  are  the  1N4005,  1N4006,  or  1N4007. 

Practice  Problem  2.8 

A  circuit  like  the  one  in  Figure  2.16  has  a  175  Vpk  signal  source.  Which  of  the 
diodes  listed  in  Example  2.8  could  be  used  safely  in  the  circuit? 


The  value  of  VRRM  for  a  given  p«-j  unction  diode  can  be  obtained  from  the  specification 
sheet  (or  data  sheet )  for  the  component.  A  specification  sheet  (spec  sheet)  lists  all  the 
important  parameters  and  operating  characteristics  of  a  device  or  circuit.  The  specifica¬ 
tion  sheet  for  a  given  component  can  usually  be  obtained  from  the  manufacturer’s  website 
or  hard-copy  data  books.  You  will  be  shown  in  Section  2.6  how  to  find  the  value  of  VRRM 
(and  many  other  important  parameters)  on  a  spec  sheet. 

Peak  reverse  voltage  is  only  one  of  several  parameters  that  must  be  considered  before 
trying  to  use  a  specific  diode  in  a  given  application.  Another  parameter  that  must  be  con¬ 
sidered  is  the  average  foi-ward  current  rating  of  the  diode. 


Specification  sheet 

A  listing  of  all  the  important 
parameters  and  operating 
characteristics  of  a  device  or 
circuit. 
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2.4.2  Average  Forward  Current  (J0) 


Average  forward  current 
The  maximum  allowable  value 
of  dc  forward  current  for  a 
diode. 


FIGURE  2.17 


A  Practical  Consideration: 
Let’s  say  that  you  calculate  the 
dc  forward  current  in  a  circuit 
to  be  1  A.  If  you  use  a  diode 
that  has  an  average  forward 
current  rating  of  1 A  in  the 
1  be  pushing  1 
,  which* 

Hi 


The  average  forward  current  rating  of  a  diode  is  the  maximum  allowable  value  of  dc 
forward  current.  For  example,  the  1N4001  diode  has  an  average  forward  current  rating  of 
1  A.  This  means  that  the  dc  forward  current  through  the  diode  must  never  be  allowed  to 
exceed  1  A.  If  the  dc  forward  current  through  the  diode  is  allowed  to  exceed  1  A,  the 
diode  may  be  destroyed  from  excessive  heat.  The  average  forward  current  rating  is  a 
parameter  found  on  the  spec  sheet  for  the  component. 

When  you  are  considering  whether  to  use  a  specific  diode  in  a  specific  circuit,  you  must 
determine  the  average  value  of  forward  current  {If)  for  the  circuit.  Then  you  must  make 
sure  that  the  diode  you  want  to  use  has  an  average  forward  current  rating  that  is  at  least 
20%  greater  than  the  value  of  IF  for  the  circuit.  This  point  is  illustrated  in  Example  2.9. 


EXAMPLE  2.9 


Determine  the  minimum  average  forward  current  rating  that  would  be  required  for 
the  diode  in  Figure  2.17. 

Solution:  The  forward  current  in  the  circuit  is  calculated  (as  always)  using  the 
practical  model  of  the  diode,  as  follows: 


0.7  V 


R,. 


50  V 

200  n 


246.5  mA 


Thus,  any  diode  used  in  the  circuit  must  have  an  average  forward  current  rating  that  is 
greater  than  246.5  mA.  In  practice,  you  would  use  a  diode  with  an  average  forward 
current  rating  that  is  at  least  20%  greater  than  the  calculated  value  of  IF,  as  follows: 


I0  =  (1.2)(246.5  mA)  =  295.8  mA  ( minimum ) 


Practice  Problem  2.9  ) 

A  circuit  like  the  one  shown  in  Figure  2.17  has  a  100  V  source.  If  the  resistor  has  a 
value  of  5 1  O,  what  is  the  minimum  allowable  average  forward  current  rating  for 
the  diode  in  the  circuit? 


In  Chapter  3,  you  will  be  shown  how  to  determine  the  dc  equivalent  current  for  an  ac 
source.  When  dealing  with  ac  circuits,  you  will  need  to  determine  the  average  (or  dc 
equivalent)  current  for  the  circuit.  Then  this  dc  equivalent  current  value  must  be 
compared  to  the  average  forward  current  rating  of  the  diode  to  see  if  it  can  be  used  in  the 
circuit. 


Forward  power  dissipation 

(Pz>(  max)) 

A  diode  rating  that  indicates  the 
maximum  possible  power 
dissipation  of  the  foward-biased 
diode. 


2.4.3  Forward  Power  Dissipation  (Pi j(max)) 

Many  diodes  have  a  forward  power  dissipation  rating.  This  rating  indicates  the  maxi¬ 
mum  possible  power  dissipation  of  the  device  when  it  is  forward  biased. 

Recall  from  your  study  of  basic  electronics  that  power  is  found  as 

p  =  rv 

where  P  =  the  power  dissipated  by  a  component 
I  =  the  device  current 
V  =  the  voltage  across  the  device 
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Using  the  basic  power  equation  and  the  values  of  VF  and  lF  for  a  diode,  you  can  deter¬ 
mine  the  required  forward  power  dissipation  rating  for  a  replacement  component,  as 
demonstrated  in  Example  2.10. 


EXAMPLE  2.10 


Calculate  the  minimum  forward  power  dissipation  rating  for  any  diode  that  would 
be  used  in  the  circuit  shown  in  Figure  2.18. 

Solution:  First,  we  have  to  calculate  the  total  circuit  current.  This  current  is 
found  as 


r  10  V- 0.7  V  • 

h=  ioo  n  =  93mX 


Using  IF  =  93  mA  and  VF  =  0.7  V,  the  diode  power  dissipation  is  found  as 


+ 


10  V  -=p- 

FIGURE  2.18 


PF  =  IfVF  =  (93  mA)(0.7  V)  =  65.1  mW 

To  provide  a  safety  margin,  the  diode  used  should  have  a  forward  power  dissipation 
rating  that  is  at  least  20%  greater  than  the  value  of  PF.  Thus,  the  minimum  value  of 
^D(max)  is  found  as 


P/jdnax)  =  1-2/V  =  (1.2)(65.1  mW)  =  78.12  raW  ( minimum ) 


Practice  Problem  2.10 

A  circuit  like  the  one  shown  in  Figure  2.18  has  a  20  V  source  and  a  68  Hi  series 
resistor.  What  is  the  minimum  required  forward  power  dissipation  rating  for  any 
diode  used  in  the  circuit? 


Some  diode  specification  sheets  provide  a  forward  power  dissipation  rating  rather  than 
an  average  forward  current  rating.  When  this  is  the  case,  the  average  forward  current  rat¬ 
ing  for  the  diode  can  be  found  using 


lo 


£>(max) 


(2.4) 


where  70  =  the  limit  on  the  average  forward  current 
Pd( max)  =  the  forward  power  dissipation  rating  of  the  diode 

VF  =  the  forward  voltage  across  the  diode,  assumed  to  be  0.7  V  for  a  silicon 
pn-junction  diode 

This  equation  is  simply  a  variation  on  the  standard  power  dissipation  equation.  Its  use  is 
demonstrated  in  Example  2.11. 


EXAMPLE  2.11 _ 

A  diode  has  a  forward  power  dissipation  rating  of  500  mW.  What  is  the  maximum 
allowable  value  of  forward  current  for  the  device? 

Solution:  The  value  of  70  is  found  as 


h  ~ 


Din 


500  mW 


0.7  V 


=  714.29  mA 


To  provide  a  safety  margin,  the  forward  current  (//  )  is  normally  restricted  to  80%  of 
the  calculated  value  of  Jfa.  Therefore,  the  maximum  allowable  forward  current  is 
found  as 


fc§®§ ax)  0.8 70  =  (0.8)(714.29  mA)  =  571.43  mA 


If  SR<- 
>ioon 
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This  value  indicates  that  the  diode  described  in  this  example  can  be  used  safely 
in  any  circuit  with  a  maximum  forward  current  that  is  less  than  (or  equal  to) 
571.43  mA. 

Practice  Problem  2.11 

Show  that  the  power  dissipation  rating  of  500  mW  in  Example  2.11  will  be 
exceeded  if  the  diode  forward  current  equals  750  mA. 


When  can  one  diode  be 


2.4.4  Summary 

When  you  are  trying  to  replace  one  diode  with  another,  three  main  parameters  must  be 
considered.  Before  substituting  one  diode  for  another,  ask  yourself: 

1.  Is  the  VRRM  rating  of  the  replacement  diode  at  least  20%  greater  than- the  maximum 
reverse  voltage  in  the  circuit? 

2.  Is  the  average  forward  current  rating  of  the  replacement  diode  at  least  20%  greater 
than  the  average  (dc)  value  of  IF  in  the  circuit? 

3.  Is  the  forward  power  dissipation  rating  of  the  replacement  diode  at  least  20% 
greater  than  the  value  of  PF  in  the  circuit? 


If  the  answer  to  all  these  questions  is  yes,  then  you  can  use  the  diode  in  the  circuit. 


Section  Review  ► 


1.  What  is  peak  reverse  voltage ? 

2.  Why  do  you  need  to  consider  the  VRRM  rating  for  a  diode  before  attempting  to  use  the 
diode  in  a  specific  circuit? 

3.  A  diode  circuit  has  a  29  Vpk  ac  source.  Which  of  the  diodes  listed  in  Example  2.8 
could  be  used  in  the  circuit  without  having  reverse  breakdown  problems?  Explain 
your  answer. 

4.  What  is  average  forward  current ? 

5.  How  do  you  determine  whether  the  average  forward  current  rating  of  a  diode  will  be 
exceeded  in  a  given  circuit? 

6.  What  is  the  forward  power  dissipation  rating  of  a  diode? 

7.  How  do  you  determine  whether  a  given  diode  has  a  forward  power  dissipation  rating 
that  is  high  enough  to  allow  the  device  to  be  used  in  a  specific  circuit? 

8.  When  you  know  the  forward  power  dissipation  rating  for  a  given  diode,  how  can  you 
determine  the  limit  on  its  average  forward  current? 


2.5  The  Complete  Diode  Model 


The  complete  diode  model  most  accurately  represents  the  true  operating  characteristics  of 
the  diode.  Two  factors  that  make  this  model  so  accurate  are  bulk  resistance  and  reverse 
current.  When  these  factors  are  taken  into  account,  we  get  the  diode  characteristic  curve 
shown  in  Figure  2.19.  This  illustration  will  be  referred  to  throughout  our  discussion  on 
the  complete  diode  model. 

2.5.1  Bulk  Resistance  ( RB ) 

As  you  learned  in  Chapter  1 ,  bulk  resistance  is  the  natural  resistance  of  the  diode  p-type 
and  n-type  materials.  The  effect  of  bulk  resistance  on  diode  operation  can  be  seen  in  the 
forward  operation  region  of  the  curve.  As  Figure  2.19  illustrates,  VF  is  not  constant,  but 
rather,  varies  with  the  value  of  IF.  The  change  in  VF  (AVV)  is  caused  by  the  diode  current 
passing  through  the  bulk  resistance  of  the  diode.  This  concept  is  illustrated  by  the  diode 


34 


Chapter  2  Diodes 


IF{  mA) 


equivalent  circuit  shown  in  Figure  2.20.  The  voltage  source  in  the  diode  (Vfi)  represents 
the  voltage  required  to  overcome  the  barrier  potential  of  the  component.  The  resistor  ( RB ) 
represents  the  bulk  resistance  of  the  component.  The  diode  current  ( IF )  passing  through 
the  bulk  resistance  develops  a  voltage  equal  to  IFRB.  As  shown  in  the  meter,  the  diode  for¬ 
ward  voltage  equals  the  sum  of  VB  and  IFRB.  By  formula, 


VF  *  VB  +  lFRB 


(2.5) 


Note  that  as  IF  increases,  so  does  IFRB.  Therefore,  the  total  voltage  across  a  diode  varies 
with  the  value  of  1F.  This  is  shown  in  Example  2. 12. 


FIGURE  2.20 


|  VF  -  Vg  +  IpRg  - 

Note.  The  polarity  of  the  voltage 
(in  the  diode  symbol)  matches 
required  to  qvecome  the  diode  barrier 
potential  '-''i.Jf  . 

Diode  equivalent  circuit. 


Lab  Reference:  The  forward 
region  of  the  diode  curve  shown 
here  is  plotted  (using  measured 
values)  in  Exercise  1 . _ 
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EXAMPLE  2.12 


Determine  the  voltage  across  the  diode  in  Figure  2.20  for  values  of  IF  =  1  mA  and 
IF  —  5  mA.  Assume  that  the  component  has  values  of  VB  =  0.7  V  and  Rn  =  5  li. 

Solution:  Using  the  values  given  and  equation  12.5),  the  diode  forward  voltage  at 
IF  =  1  mA  is  found  as  ' 

VF  =  0.7  V  +  (1  mA)(5  Q)  =  0.7  V  -  0.005  V  =  0.705  V  (705  mV) 


For  /,,  =  5  mA, 

VP  =  0.7  V  +  (5  mA)(5  O)  =  0.7  V  +  0.025  V  =  0.725  V  (725  mV) 


Practice  Problem  2.12 

A  silicon  diode  has  a  bulk  resistance  of  8  il  and  a  forward  current  of  12  mA.  What 
is  the  actual  value  of  VF  for  the  device? 


2.5.2  Effect  of  Bulk  Resistance  on  Circuit  Measurements 


How  does  bulk  resistance  affect 


In  our  discussion  on  practical  diode  circuit  analysis,  we  assumed  that  the  value  of  VF  for  a 
silicon  diode  is  0.7  V.  While  this  assumed  value  of  VF  works  very  well  for  the  analysis  of 
a  circuit,  you  will  find  that  measured  values  of  VF  generally  vary  between  0.7  and  1.1  V. 

A  diode  used  in  a  low-current  circuit  usually  has  very  little  voltage  developed  across  its 
bulk  resistance.  Because  of  this,  the  voltage  across  such  a  diode  tends  to  be  closer  to  0.7  V. 
At  the  same  time,  a  diode  used  in  a  high-current  circuit  usually  has  a  relatively  large  volt¬ 
age  developed  across  its  bulk  resistance,  resulting  in  a  value  of  VF  that  is  closer  to  1.1  V. 


2.5.3  Reverse  Current  (IR) 

When  a  diode  is  reverse  biased,  the  depletion  layer  reaches  its  maximum  width,  and  con¬ 
duction  through  the  diode  (ideally)  stops.  In  reality,  however,  there  is  a  very  small  amount 
of  current  through  a  reverse-biased  diode.  This  reverse  current  is  illustrated  in  the  reverse 
operating  region  of  the  diode  curve  (Figure  2.19).  Reverse  current  is  made  up  of  two 
independent  currents:  reverse  saturation  current,  Is,  and  surface-leakage  current,  ISL.  By 
formula, 

h  =h  +  H  (2.6) 


Reverse  saturation  current  ( Is ) 

A  current  caused  by  thermal 
activity  in  a  reverse-biased 
diode.  /s  is  temperature 
dependent. 


where  IR  =  the  diode  reverse  current 

/s  =  the  reverse  saturation  current 
Isl  =  the  surface-leakage  current 

Reverse  saturation  current  (/s)  is  produced  by  thermal  activity  in  the  diode  materi¬ 
als.  This  current  varies  directly  with  temperature  and  is  independent  of  the  value  of 
reverse  voltage.  Is  accounts  for  a  major  portion  of  diode  reverse  current,  so  reverse  cur¬ 
rent  ( IR )  remains  relatively  constant  as  long  as: 

1.  Reverse  voltage  does  not  exceed  the  value  of  VRRM. 

2.  Temperature  remains  constant. 


Surface-leakage  current  (ISL) 
A  current  along  the  surface  of  a 
reverse -biased  diode.  ISL  is  VK 
dependent. 


The  first  of  these  points  can  be  seen  in  the  reverse  operating  region  of  the  curve  in  Figure 
2.19.  The  effect  of  temperature  on  reverse  current  is  described  in  greater  detail  later  in 
this  section. 

Surface-leakage  current  ( ISL )  is  generated  along  the  surface  of  the  diode  by  the 
reverse  voltage  across  the  component.  This  current  varies  directly  with  the  value  of 
reverse  voltage  and  is  independent  of  temperature.  However,  since  ISL  Is,  there  is  no 
significant  change  in  IR  when  ISL  changes. 
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The  total  value  of  IR  for  most  diodes  is  typically  in  the  microampere  range  or  less. 
However,  as  temperature  increases.  Is  and,  consequently,  IR  increase.  This  point  is  dis¬ 
cussed  in  detail  later  in  this  section. 


2.5.4  Effect  of  Reverse  Current  on  Circuit  Measurements 

Until  now,  we  have  assumed  that  the  value  of  IR  is  zero.  As  you  now  know,  a  small  amount 
of  reverse  current  occurs  in  a  diode  circuit.  This  reverse  current  causes  a  slight  voltage  to  be 
developed  across  any  resistance  in  the  circuit.  An  example  of  this  is  shown  in  Figure  2.21. 
We  have  an  applied  voltage  of  25  V  and  a  diode  reverse  current  of  20  p,A.  We  can  calculate 
the  component  voltage  values  as  follows:  The  voltage  across  the  load  resistor  is  found  as 

Vrl  =  IrRi  =  20  |xA  X  10  kO  =  200  mV 

Now,  the  voltage  across  the  diode  is  found  as 


FIGURE  2.21 

The  voltage  developed  across  any  series  resistance  by  IR  is  usually  insignificant.  For 
example,  only  0.8%  of  the  supply  voltage  in  Figure  2.21  is  developed  across  /?,.  However, 
knowing  the  potential  effects  of  reverse  current  is  important  for  several  reasons.  First,  any 
voltage  across  the  series  resistance  may  increase  dramatically  with  increases  in  operating 
temperature  (and  the  resulting  increases  in  diode  reverse  current).  Second,  it  explains  why 
we  often  do  not  measure  the  full  applied  voltage  across  a  reverse-biased  diode.  (In  most 
cases,  the  voltage  across  a  reverse-biased  diode  is  slightly  lower  than  the  applied  voltage.) 


2.5.5  Diode  Capacitance 

An  insulator  placed  between  two  closely  spaced  conductors  forms  a  capacitor.  When  a 
diode  is  reverse  biased  as  shown  in  Figure  2.22,  it  forms  a  depletion  layer  (insulator) 
between  two  semiconductor  materials  (which  are  conductors  by  comparison).  Therefore, 


Insulator 


Insulator 


FIGURE  2.22  Diode  capacitance. 
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Junction  capacitance 

The  capacitance  of  a  reverse- 
biased  pn  junction,  formed  by 
the  depletion  layer  (insulator) 
and  the  semiconductor 
materials. 


a  reverse-biased  diode  has  some  measurable  amount  of  junction  capacitance.  Under  nor¬ 
mal  circumstances,  junction  capacitance  can  be  ignored  because  of  its  extremely  low 
value,  typically  in  the  low  pF  range.  However,  when  the  high-frequency  operation  of  a 
diode  is  analyzed,  junction  capacitance  can  become  extremely  important.  The  effects  of 
junction  capacitance  on  high-frequency  operation  are  discussed  in  detail  in  Chapter  14. 

Incidentally,  there  is  a  type  of  diode  designed  to  make  use  of  its  junction  capacitance. 
This  diode,  called  a  varactor,  is  introduced  in  Chapter  5. 


2.5.6  Diffusion  Current 


Diffusion  current 

The  IF  below  the  knee  voltage. 


Refer  to  the  forward  operating  region  of  the  diode  curve  in  Figure  2.19.  The  0.7  V  point 
on  the  diode  curve  is  labeled  knee  voltage  (14).  Below  the  knee  voltage,  you  will  notice 
that  lF  does  not  instantly  drop  to  the  zero  point.  The  reason  for  this  is  simple:  When  VF 
goes  below  the  barrier  potential  of  the  diode,  the  device  starts  to  form  a  depletion  layer. 
However,  until  the  diode  is  actually  reverse  biased,  the  depletion  layer  will  not  reach  its 
maximum  width  and  thus  will  not  reach  its  maximum  resistance.  In  other  words,  as  long 
as  there  is  some  forward  voltage,  the  depletion  layer  will  not  be  at  its  maximum  width, 
and  some  amount  of  IF  will  occur.  This  small  amount  of  IF  is  called  diffusion  current. 
Note  that  when  a  diode  is  switching  from  forward  bias  to  reverse  bias,  the  diffusion  cur¬ 
rent  will  last  only  as  long  as  it  takes  the  depletion  layer  to  form,  generally  a  few  milli¬ 
seconds  or  less. 


2.5.7  Temperature  Effects  on  Diode  Operation 


Temperature  has  a  significant  effect  on  most  of  the  diode  characteristics  discussed  in  this 
section.  The  reason  for  this  is  simple:  Increased  temperature  means  increased  thermal 
activity  and  decreased  diode  resistance,  as  shown  in  Chapter  1 .  This  holds  true  for  both 
forward  and  reverse  diode  operation. 

The  effects  of  increased  temperature  on  forward  diode  operation  are  illustrated  in  Fig¬ 
ure  2.23.  As  you  can  see,  there  are  two  forward  operation  curves.  One  represents  the 
diode  operation  at  25°C,  and  the  other  represents  the  diode  operation  at  100°C.  From  the 
graph,  we  can  draw  two  conclusions  regarding  forward  diode  operation  and  temperature: 


1.  As  temperature  increases,  IF  increases  at  a  specified  value  ofVF.  This  is  illustrated 
in  Figure  2.23  by  the  two  points  labeled  /,  and  I2.  As  you  can  see,  both  of  these 
points  fall  on  the  VF  =  0.7  V  line.  However,  I2  is  greater  than  f  due  to  the  increased 
thermal  activity  in  the  diode.  As  temperature  has  increased  from  25  °C  to  100°C,  the 
value  of  IF  has  increased  from  5  mA  (/,)  to  25  mA  {If). 


/F(mA) 


VF(V) 
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2.  As  temperature  increases,  VF  decreases  at  a  specified  value  ofIF.  This  is  illustrated 
by  the  V,  and  V2  points  on  the  curve.  Note  that  both  points  correspond  to  a  value  of 
If  =  8  mA.  As  temperature  increases,  VF  decreases  from  approximately  0.75  V  (V,) 
to  0.7  V  ( V2 ). 


In  practice,  a  rise  in  temperature  usually  results  in  both  a  slight  increase  in  I F  and  a 
slight  decrease  in  VF, 

The  effect  of  temperature  on  diode  reverse  current  (IR)  is  basically  the  same  as  the  effect 
on  IF.  The  effect  of  temperature  on  IR  is  illustrated  in  Figure  2.24.  You  may  recall  that  IR  is 
equal  to  the  sum  of  reverse  saturation  current  ( Is )  and  surface-leakage  current  ( ISL ).  Since  Is 
is  normally  much  greater  than  ISL,  it  is  safe  to  assume  that  IR  is  approximately  equal  to  Is. 


~VR 

T  =  25°C 

r=  35°C 


T=  45°C 


FIGURE  2.24  Temperature  effects  on  reverse  operation. 


2.5.8  The  Bottom  Line 

Generally,  you  will  not  have  to  deal  with  most  of  the  characteristics  discussed  in  this  sec¬ 
tion  unless  you  are  designing  a  circuit  with  very  low  variation  tolerances  or  very  high 
operating  frequencies.  Even  in  most  practical  circuit  designs,  such  as  rectifiers  and  ampli¬ 
fiers,  knowing  the  diode’s  parameters  is  more  important  than  knowing  the  exact  values  of 
diode  voltage,  current,  resistance,  and  capacitance. 

When  you  are  involved  in  practical  circuit  analysis  and  troubleshooting,  you  need  to 
consider  only  the  more  practical  aspects  of  diode  operation.  These  aspects  are  summa¬ 
rized  as  follows: 

1.  When  the  forward  voltage  across  a  diode  reaches  the  barrier  potential,  the  diode  I  A  summary  of  practical  diode 
will  start  to  conduct.  From  that  point  on,  the  value  of  VF  will  be  approximately 

equal  to  the  barrier  potential. 

2.  As  VF  decreases  below  the  bqrrier  potential,  the  diode  will  start  to  turn  off  and 
begin  to  act  like  an  open  switch.  This  “open-switch”  characteristic  will  continue  for 
all  reverse  voltage  values  up  to  peak  reverse  voltage,  VRRM. 

a.  As  long  as  VR  =£  VRRM,  the  total  applied  voltage  will  be  dropped  across  the  diode. 

b.  When  VR  >  VRRM,  the  diode  may  break  down  and  conduct  in  the  reverse  direc¬ 
tion.  When  this  happens,  you  will  usually  end  up  replacing  the  diode. 

3.  The  forward  current  through  a  diode  is  limited  by  the  applied  voltage  and  the  resis¬ 
tance  values  that  are  external  to  the  diode.  For  all  practical  purposes,  the  reverse 
current  through  a  diode  is  zero. 


1.  What  is  bulk  resistance ?  4  Section  Review 

2.  What  effect  does  bulk  resistance  have  on  circuit  current  measurements? 

3.  What  is  the  relationship  between  IF  and  VF1 

4.  What  is  reverse  current? 

5.  Which  component  of  reverse  current  is  affected  by  temperature? 
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6.  Which  component  of  reverse  current  is  affected  by  the  amount  of  reverse  bias? 

7.  Which  component  of  reverse  current  makes  up  a  majority  of  that  current? 

8.  What  effect  does  IR  have  on  the  measured  value  of  voltage  across  any  series  resistance? 

9.  Describe  the  reverse-biased  diode  as  a  capacitor. 

10.  What  is  diffusion  current? 

11.  What  effect  does  an  increase  in  temperature  have  on  IF  and  Vfil 

12.  What  effect  does  an  increase  in  temperature  have  on  IR1 

13.  Determine  the  reverse  resistance  of  the  diode  in  Figure  2.21. 

14.  Which  do  you  think  would  be  of  greater  concern:  the  effect  of  an  increase  in  temper¬ 
ature  on  diode  forward  operation  or  diode  reverse  operation?  Why? 


2.6  Diode  Specification  Sheets 


The  specification  sheet,  or  spec  sheet,  for  any  component  lists  the  parameters  and  operat¬ 
ing  characteristics  of  the  device.  Because  parameters  are  limits,  they  are  almost  always 
designated  as  maximum  values.  Operating  characteristics,  on  the  other  hand,  may  be  des¬ 
ignated  as  minimum,  maximum,  or  typical  values,  depending  on  the  rating. 

Diode  operating  characteristics  and  parameters  are  important  for  several  reasons: 

1.  They  indicate  whether  a  given  diode  can  be  used  for  a  specific  application. 

2.  They  establish  the  operating  limits  of  any  circuit  designed  to  use  the  diode. 


You  have  already  been  introduced  to  most  of  the  commonly  used  diode  characteristics 
and  parameters.  In  this  section,  we  look  at  how  these  characteristics  and  parameters  may 
be  found  on  the  spec  sheet  of  a  given  diode. 


2.6.1  Spec  Sheet  Organization 


Maximum  ratings 

Device  parameters  that  must 
not  be  exceeded  under  any 
circumstances. 

Electrical  characteristics 
The  guaranteed  operating 
characteristics  of  the  device. 


Diode  spec  sheets  are  commonly  divided  into  two  sections:  maximum  ratings  and  electri¬ 
cal  characteristics.  This  can  be  seen  in  Figure  2.25,  which  contains  the  spec  sheet  for  the 
1N4001-1N4007  (or  1N400X)  series  diodes. 

The  maximum  ratings  table  contains  the  diode  parameters  that  must  not  be  exceeded 
under  any  circumstances.  If  any  of  these  parameters  are  exceeded,  you  will  more  than 
likely  have  to  replace  the  diode. 

The  electrical  characteristics  table  contains  the  guaranteed  operating  characteristics 
of  the  device.  As  long  as  the  maximum  ratings  limits  are  observed,  the  diode  is  guaran¬ 
teed  to  work  within  the  limits  shown  in  the  electrical  characteristics  table. 

Confused?  Let’s  take  a  look  at  the  maximum  reverse  current  rating  in  the  electrical 
characteristics  table.  The  1N400X  series  of  diodes  is  guaranteed  to  have  a  maximum 
reverse  current  (IR)  of  10  p.A  at  25°C,  with  a  typical  value  of  0.05  p.A.  These  values 
assume  that  the  magnitude  of  VR  is  not  greater  than  the  reverse  breakdown  rating  listed 
on  the  spec  sheet.  If  it  is,  the  diode  reverse  current  may  exceed  the  maximum  value  listed. 
If  any  diode  parameter  is  exceeded,  the  electrical  characteristics  values  of  the  device  can¬ 
not  be  guaranteed. 


2.6.2  Diode  Maximum  Ratings 

Several  of  the  parameters  listed  in  the  maximum  ratings  table  were  introduced  earlier  in 
this  chapter.  Table  2.2  summarizes  the  ratings  listed  and  their  meanings. 

A  few  notes: 


Peak  repetitive  reverse 
voltage  DW) 

The  maximum  allowable  value 
I  of  diode  reverse  voltage. _ 


1.  Peak  repetitive  reverse  voltage  ( VRRM )  indicates  the  maximum  allowable  reverse 
voltage  that  can  be  applied  to  the  device.  The  1N4001  has  a  VRRM  rating  of  50  V.  If 
you  apply  a  reverse  voltage  to  the  device  that  is  greater  than  50  V,  the  device  may 
go  into  reverse  breakdown.  Note  that  this  rating  is  also  called  working  peak  reverse 
voltage  or  dc  blocking  voltage. 
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1N4001,  1N4002,  1N4003, 
1N4004,  1N4005,  1N4006, 
1 N4007 

1N4004  and  1N4007  are  Preferred  Devices 

Axial  Lead  Standard 
Recovery  Rectifiers 


ON  Semiconductor™ 

http://onsemi.com 


This  data  sheet  provides  information  on  subminiature  size,  axial 

lead  mounted  rectifiers  for  general-purpose  low-power  applications. 

Mechanical  Characteristics 

•  Case:  Epoxy,  Molded 

•  Weight:  0.4  gram  (approximately) 

•  Finish:  All  External  Surfaces  Corrosion  Resistant  and  Terminal 
Leads  are  Readily  Solderable 

•  Lead  and  Mounting  Surface  Temperature  for  Soldering  Purposes: 
220°C  Max.  for  10  Seconds,  1/16"  from  case 

•  Shipped  in  plastic  bags,  1000  per  bag. 

•  Available  Tape  and  Reeled,  5000  per  reel,  by  adding  a  “RL”  suffix  to 
the  part  number 

•  Available  in  Fan-Fold  Packaging,  3000  per  box,  by  adding  a  “FF” 
suffix  to  the  part  number 

•  Polarity:  Cathode  Indicated  by  Polarity  Band 

•  Marking:  1N4001,  1N4002,  1N4003,  1N4004,  1N4005,  1N4006, 
1N4007 

MAXIMUM  RATINGS 


LEAD  MOUNTED  RECTIFIERS 
50-1000  VOLTS 
DIFFUSED  JUNCTION 


AXIAL  LEAD 
PLASTIC 


MARKING  DIAGRAM 


AL  =  Assembly  Location 
1  N400x  -  Device  Number 

X  =  1, 2,  3,  4,  5.  6  or  7 

YY  =  Year 

WW  =  Work  Week 


Rating 

Symbol 

1N4O01 

1N4002 

1N4003 

1N4004 

1N4003 

1N4006 

1N4007 

Unit  | 

'Peak  Repetitive  Reverse  Voltage 
Working  Peak  Reverse  Voltage 

DC  Blocking  Voltage 

Yrrm 

vrwm 

Vr 

50 

100 

200 

400 

600 

800 

1000 

Volts 

*Non-Repetitive  Peak  Reverse  Voltage 
(halfwave,  single  phase,  60  Hz) 

VRSM 

60 

120 

240 

480 

720 

1000 

1200 

Volts 

*RMS  Reverse  Voltage 

VR(RMS) 

35 

70 

140 

280 

420 

560 

700 

Volts 

'Average  Rectified  Forward  Current 
(single  phase,  resistive  load, 

60  Hz,  Ta  =  75°C) 

>0 

1.0 

Amp 

'Non-Repetitive  Peak  Surge  Current 
(surge  applied  at  rated  load 
conditions) 

!fsm 

30  (for  1  cycle) 

Amp 

Operating  and  Storage  Junction 
Temperature  Range 

Tj 

^stg 

-65  to +175 

°C 

'Indicates  JEDEC  Registered  Data 


ELECTRICAL  CHARACTERISTICS* 


iwiMi 

M  an  .. 

Unit 

Maximum  Instantaneous  Forward  Voltage  Drop 
(ip  =  1 .0  Amp,  Tj  =  25°C) 

vf 

0.93 

1.1 

Volts 

Maximum  Full-Cycle  Average  Forward  Voltage  Drop 
(lo  *  1.0  Amp,  Tl  =  75°C,  1  inch  leads) 

Vf(AV) 

- 

0.8 

Volts 

Maximum  Reverse  Current  (rated  dc  voltage) 

(Tj  =  25°C) 

(Tj  =  100°C) 

■r 

0.05 

1.0 

10 

50 

pA 

Maximum  Full-Cycle  Average  Reverse  Current 
(Iq  =  1.0  Amp,  T|_  =  75°C,  1  inch  leads) 

Ir(av) 

30 

pA 

•Indicates  JEDEC  Registered  Data 


FIGURE  2.25  The  1N400X  series  specifications.  (Copyright  of  Semiconductor  Component 
Industries,  LLC.  Used  by  permission.) 


TABLE  2.2  Diode  Maximum  Ratings 


Rating 

Discussion 

Peak  repetitive  reverse  voltage,  VRRM 

This  is  the  maximum  allowable  value  of  diode 
reverse  voltage.  This  rating  applies  to  both  dc  and 
peak  signal  voltages. 

Nonrepetitive  peak  reverse  voltage,  VRSM 

This  is  the  maximum  allowable  value  of  a  single¬ 
event  reverse  voltage.  For  any  diode,  this  value  is 
always  greater  than  VRRM. 

RMS  reverse  voltage, 

This  is  simply  the  rms  equivalent  of  VRRM.  Its  value 
can  be  found  as  VWims)  =  0.707  VRRM. 

Average  rectified  forward  current,  70 

This  is  the  value  of  average  forward  current  described 
earlier  in  this  chapter.  For  the  1N400X  series,  this 
value  is  1  A  when  the  ambient  temperature  is 

75°C.  Note  that  the  limit  on  forward  current 
decreases  as  temperature  increases. 

Nonrepetitive  peak  surge  current,  IFSm 

This  is  the  maximum  allowable  value  of  forward 
current  surge  (a  high-value  current  or  voltage  that 
typically  does  not  occur  at  regular  intervals).  The 
1N400X  series  diodes  are  designed  to  withstand  a 
single  30  A  surge. 

Operating  and  storage  junction 
temperature,  Tj  or  Tstg 

The  range  of  temperatures  that  the  diode  can 
withstand. 

2.  The  reverse  voltage  ratings  are  the  only  ratings  that  distinguish  the  diodes  in  the 
1N400X  series  from  each  other.  In  other  words,  the  diodes  listed  have  the  same 
maximum  ratings  and  electrical  characteristics  outside  their  reverse  voltage  charac¬ 
teristics.  This  is  typical  for  a  given  series  of  diodes. 

3.  The  average  forward  current  (/<,)  rating  shows  that  the  maximum  allowable  average 
forward  current  is  measured  at  a  specific  temperature.  The  reason  is  simple:  The 
current  through  a  diode  generates  heat,  so  the  maximum  allowable  current  through 
a  diode  depends  on  how  much  heat  the  component  can  dissipate.  When  the  air  that 
surrounds  a  diode  is  hot,  the  diode  cannot  dissipate  as  much  heat.  Therefore,  the 
limit  on  device  current  decreases. 

4.  The  peak  surge  current  ( IFSM )  indicates  the  diode’s  ability  to  handle  a  surge  (short 
duration,  extremely  high  value)  of  current.  We  will  cover  surge  current  and  one  of 
its  common  sources  in  Chapter  3. 

2.6.3  Diode  Terminal  Identification 

A  number  of  diode  packages  are  shown  in  Figure  2.26.  Whenever  possible,  use  the  spec 
sheet  diagram  to  identify  the  anode  and  cathode  leads  of  a  given  diode.  In  most  cases,  the 
terminals  are  identified  as  shown  in  Figure  2.26. 


2.6.4  Diode  Parameters  and  Device  Substitution 

OBJECTIVE  5  ►  It  was  stated  earlier  in  the  chapter  that  average  forward  current  and  peak  reverse  voltage 
ratings  are  two  of  the  primary  considerations  when  substituting  one  diode  for  another.  To 
make  component  substitutions  easier,  diode  data  books  and  manufacturer  websites  some¬ 
times  contain  selector  guides.  These  guides  group  diodes  by  average  forward  current  (or 
forward  power  dissipation )  and  peak  reverse  voltage.  An  example  of  a  selector  guide  is 
shown  in  Figure  2.27. 

The  selector  guide  allows  you  to  select  a  diode  based  on  circuit  requirements.  For 
example,  let’s  say  that  you  need  a  diode  with  an  average  forward  current  rating  of  1.5  A 
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and  a  peak  reverse  voltage  of  100  V.  You  would  locate  the  column  that  corresponds  to 
1.5  A  and  cross-match  it  with  the  row  that  has  a  VRRM  of  100  V.  The  block  that  corre¬ 
sponds  to  both  values  contains  the  number  1N5392.  Thus,  the  1N5392  would  be  suitable 
for  the  desired  application. 


2.6.5  Electrical  Characteristics 

As  stated  earlier,  the  values  provided  under  the  electrical  characteristics  heading  indi¬ 
cate  the  guaranteed  operating  characteristics  of  the  diode.  Table  2.3  gives  a  brief  expla¬ 
nation  of  the  electrical  characteristics  listed  in  Figure  2.25.  Note  that  the  spec  sheet  lists 
both  typical  and  maximum  values  for  many  of  the  characteristics.  When  analyzing  the 
operation  of  the  component  in  a  circuit,  the  value  listed  as  typical  is  used.  When  deter¬ 
mining  circuit  tolerances  for  circuit  development  purposes,  the  maximum  value  is  gener¬ 
ally  used.  When  only  one  value  is  given  (whether  typical  or  maximum),  it  is  used  for  all 
circuit  analyses. 


A  Practical  Consideration: 

Any  diode  in  the  selector  guide 
to  the  right  and/or  below  the 
1N5392  can  be  used  in  the 
application.  As  long  as  the 
forward  current  and  reverse 
:  voltage  ratings  are  at  least  1.5$,: 
and  100  V.  die  diode  caflii|i 


TABLE  2.3  Diode  Electrical  Characteristics 


Maximum  forward  voltage  drop,  VF 


Maximum  full-cycle  average  forward 
voltage  drop,  VF(AV) 


Maximum  reverse  current,  IR 


Maximum  full-cycle  average 
reverse  current,  /WAV) 


This  is  the  maximum  value  that  VF  will  ever  reach. 

All  VF  values  are  guaranteed  to  be  1 . 1  V  or  less.  Note 
that  this  value  was  determined  at  a  temperature  of 
25  °C.  On  the  average,  VF  will  decrease  by  about 
1.8  mV  for  every  1°C  rise  in  temperature  above  25°C. 

This  is  the  maximum  average  forward  voltage  ( VF ). 
For  1N400X,  this  value  is  0.8  V.  Note  that  this 
parameter  is  also  temperature  dependent  and  was 
measured  at  75°C. 

These  ratings,  10  and  50  p,A,  were  given  for  25°  and 
100°C,  respectively.  The  spec  sheet  lists  this 
parameter  “a/  rated  dc  voltages .”  This  means  that 
the  rating  is  valid  for  all  dc  values  of  VR  at  or  below 
the  50  V  VRRM  rating. 

This  is  the  maximum  average  value  of  IR.  Note  that  this 
rating  is  at  a  temperature  of  75°C.  At  all  temperatures 
below  75°C,  the  average  value  of  IR  will  be  less  than 
30  p,A. 


Section  2.6  Diode  Specification  Sheets 
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Note  1.  Meets  mounting  configuration  of  TO-220  outline. 
Note  2.  Request  Data  Sheet  for  Mounting  Information. 
Note  3.  Available  on  special  order. 


FIGURE  2.27  (Copyright  of  Semiconductor  Component  Industries,  LLC.  Used  by 
permission.) 


2.6.6  Finding  Data  on  Spec  Sheets 

When  you  are  looking  for  data  on  a  spec  sheet,  follow  a  three-step  procedure: 

1.  Determine  whether  the  data  you  are  looking  for  is  a  maximum  rating  (parameter)  or 
an  electrical  characteristic  (guaranteed  minimum  performance). 

2.  Look  in  the  appropriate  table  for  the  desired  data.  If  it  isn’t  there,  try  the  alternative- 
search  technique  covered  in  step  3.  If  you  still  can’t  find  the  data,  contact  the  manu¬ 
facturer  of  the  component. 

3.  Sometimes  it  is  difficult  to  locate  a  particular  parameter  or  characteristic  because  of 
the  wording  used  in  the  spec  sheet.  When  you  can’t  locate  a  particular  bit  of  infor¬ 
mation,  try  this: 

a.  Determine  the  unit  of  measure  for  the  desired  parameter  or  characteristic.  For 
example,  average  forward  current  would  typically  be  measured  in  mA  or  A, 
while  reverse  current  would  typically  be  measured  in  «A  or  pA. 

b.  Search  the  unit  column  in  the  spec  sheet  tables  to  find  the  appropriate  unit  of 
measure. 

c.  If  you  find  the  unit  of  measure,  look  at  the  data  name  to  see  if  it  is  the  value  you 
are  trying  to  locate. 

The  use  of  step  3  can  be  illustrated  using  Figure  2.25.  Let’s  say  that  we  are  inter¬ 
ested  in  the  temperature  range  of  the  1N400X  series  of  diodes.  We  know  that  tempera¬ 
ture  is  measured  in  °C.  Looking  under  the  unit  column,  we  see  that  only  one  parameter 
is  measured  in  °C.  Looking  to  the  left  side  of  that  measurement,  we  see  the  parameter 
is  identified  as  operating  and  storage  junction  temperature.  This  is  the  parameter  that 
we  are  trying  to  locate. 

While  the  spec  sheet  for  the  1N400X  series  of  diodes  is  relatively  short  and  simple,  the 
spec  sheets  for  many  other  devices  are  relatively  complex.  When  dealing  with  these  more 
complex  spec  sheets,  you  will  find  the  steps  listed  under  step  3  very  useful  for  quickly 
finding  the  information  that  you  need. 

2.6.7  One  Final  Note 

Not  all  operating  parameters  and  characteristics  used  to  describe  diodes  are  listed  on  the 
1N400X  spec  sheet.  However,  the  most  critical  of  the  operating  parameters  and  charac¬ 
teristics  have  been  covered.  Some  parameters  that  were  not  included  in  this  sheet  are 
junction  capacitance  (rated  in  pF),  forward  power  dissipation  (rated  in  mW  or  W),  and 
maximum  switching  frequency  (rated  in  kHz  or  MHz).  Also,  as  mentioned  earlier,  not  all 
spec  sheets  use  the  same  terminology  to  describe  various  parameters  and  characteristics. 
However,  the  wording  is  usually  close  enough  that  you  will  be  able  to  find  the  informa¬ 
tion  you  need. 


1.  Why  are  parameters  important?  <4  Section  Review 

2.  What  is  a  maximum  rating ?  Give  an  example. 

3.  What  is  an  electrical  characteristic ?  Give  an  example. 

4.  What  is  the  difference  between  a  maximum  rating  and  an  electrical  characteristic ? 

5.  Why  does  the  limit  on  forward  current  decrease  when  temperature  increases? 

6.  What  is  the  procedure  for  locating  information  on  a  diode  specification  sheet? 


2.7 

Zener  Diodes 

The  zener  diode  is  a  special  type  of  diode  that  is  designed  to  work  in  the  reverse  break¬ 
down  region  of  its  characteristic  curve.  A  /wz-junction  diode  operated  in  this  region  is  usu¬ 
ally  destroyed  by  the  excessive  reverse  current  and  the  heat  it  produces.  This  is  not  the 
case  for  the  zener  diode. 

Zener  diode 

A  diode  that  is  designed  to 
work  in  the  reverse  breakdown 
region. 

Section  2.7  Zener  Diodes 
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Reverse  breakdown  voltage 
(VM) 

The  minimum  VR  that  causes  a 
device  to  break  down  and 
conduct  in  the  reverse  direction. 


I  Voltage  regulator 

I  A  circuit  designed  to  maintain  a 
constant  voltage  despite 
|  anticipated  variations  in  load 
[current  or  input  voltage. 

Lab  Reference:  The  reverse 
operating  curve  of  a  zener  diode  is 
plotted  (using  measured  values)  in 
Exercise  2.  _ 


OBJECTIVE  6  ► 

Zener  voltage  ( Vz ) 

The  approximate  voltage  across 
a  zener  when  operated  in 
reverse  breakdown. 


FIGURE  2.29  Zener  current. 


_  _  OBJECTIVE  7  ► 

Zener  breakdown 

A  type  of  reverse  breakdown 
that  occurs  at  relatively  low 
reverse  voltages. 


The  purpose  served  by  a  component  designed  to  operate  in  the  reverse  breakdown 
region  can  be  seen  in  Figure  2.28.  This  figure  shows  the  reverse  breakdown  region  of  the 
diode  characteristic  curve.  As  the  curve  illustrates,  two  things  happen  when  the  reverse 
breakdown  voltage  VBR  is  reached: 

1.  The  diode  current  increases  drastically. 

2.  The  reverse  voltage  across  the  diode  (  VR)  remains  relatively  constant. 

In  other  words,  the  voltage  across  a  diode  operated  in  this  region  is  relatively  constant 
over  a  range  of  component  current  values.  This  characteristic  makes  the  zener  diode  use¬ 
ful  as  one  type  of  voltage  regulator.  A  voltage  regulator  is  a  circuit  designed  to  maintain 
a  relatively  constant  voltage  despite  anticipated  variations  in  load  current  or  input  voltage. 
A  simple  zener  regulator  is  introduced  in  Chapter  3.  More  practical  (and  more  complex) 
voltage  regulators  are  covered  in  Chapter  21. 


\VR 


FIGURE  2.28  Reverse  breakdown  characteristics. 

Since  the  zener  diode  is  normally  reverse  biased,  it  should  not  surprise  you  that  zener 
current  is  normally  against  the  direction  of  the  arrow ,  as  shown  in  Figure  2.29.  As  the 
polarity  signs  in  the  figure  show,  the  cathode  is  more  positive  than  the  anode.  Thus,  the 
component  is  reverse  biased,  and  device  current  is  in  the  direction  shown. 

Does  a  zener  ever  conduct  in  the  same  direction  as  a  conventional  diode?  Is  it  ever 
operated  in  the  forward  operating  region?  Not  very  often.  Even  though  a  zener  diode  has 
forward  operating  characteristics  similar  to  those  of  a  /w-junction  diode,  the  value  of  the 
zener  lies  in  its  application  as  a  voltage  regulator.  This  application  is  lost  in  a  forward- 
biased  zener,  so  it  is  rarely  used  in  the  forward  operating  region. ' 

When  a  zener  is  operating  in  its  reverse  operating  region,  the  voltage  across  the  device 
is  nearly  constant  and  equal  to  its  zener  voltage  (Vz)  rating.  Zener  diodes  have  a  range  of 
Vz  ratings  from  about  1.8  V  to  several  hundreds  of  volts,  with  power  dissipation  ratings 
from  500  mW  to  50  W. 


2.7.1  Diode  Breakdown 

There  are  two  types  of  reverse  breakdown.  We  have  already  briefly  discussed  the  first 
type,  avalanche  breakdown.  The  other  type  of  breakdown  is  called  zener  breakdown. 

Zener  breakdown  is  a  type  of  reverse  breakdown  that  occurs  at  relatively  low  reverse 
voltages.  The  n-type  and  p-type  materials  of  a  zener  diode  are  heavily  doped,  resulting  in 
a  relatively  narrow  depletion  layer.  This  depletion  layer  can  break  down  at  a  lower  reverse 


46 


Chapter  2  Diodes 


voltage  ( VR)  than  the  depletion  layer  in  a  typical  pn-junction  diode.  Note  that  zener 
diodes  with  low  Vz  ratings  experience  zener  breakdown,  while  those  with  high  Vz  ratings 
usually  experience  avalanche  breakdown. 


2.7.2  Zener  Operating  Characteristics 

A  zener  diode  maintains  a  near-constant  reverse  voltage  for  a  range  of  reverse  current 
values.  These  values  are  identified  in  Figure  2.30.  The  minimum  current  required  to 
maintain  voltage  regulation  (constant  voltage)  is  the  zener  knee  current  (IZK)-  When  the 
zener  is  used  as  a  voltage  regulator,  the  current  through  the  diode  must  never  be  allowed 
to  drop  below  this  value. 


FIGURE  2.30  Zener  reverse  current  values. 


The  maximum  zener  current  (, lZM )  is  the  maximum  amount  of  current  the  diode  can 
handle  without  being  damaged  or  destroyed.  The  zener  test  current  (IZT)  is  the  current 
level  at  which  the  Vz  rating  of  the  diode  is  measured.  For  example,  if  a  given  zener  diode 
has  values  of  Vz  =  9.1V  and  IZT  =  20  mA,  the  diode  has  a  reverse  voltage  of  9. 1  V  when 
the  test  current  is  20  mA.  At  other  current  values,  the  value  of  Vz  will  vary  slightly  above 
or  below  the  rated  value. 

Izr  is  a  test  current  value  and,  thus,  is  not  a  critical  value  for  circuit  analysis.  However,  it 
is  an  important  value  in  circuit  design.  If  you  need  to  have  a  zener  voltage  that  is  as  close  to 
the  nominal  ( rated)  value  ofVz  as  possible,  you  need  to  design  the  circuit  to  have  a  current 
value  equal  to  lyj.  The  further  your  circuit  current  is  from  1^,  the  further  Vz  will  be  from  its 
rated  value.  IZK  and  lZM  are  important  for  both  circuit  analysis  and  component  substitution. 
This  point  will  be  demonstrated  in  our  discussion  on  zener  voltage  regulators  in  Chapter  3. 

Zener  impedance  (Zz)  is  the  zener  diode’s  opposition  to  any  change  in  current.  The 
spec  sheet  for  the  1N746-1N759  series  zener  diodes  lists  the  following  test  conditions  for 
measuring  Zz: 


Izr  =  20  mA  /j,  =  2  mA 


This  means  that  Zz  is  measured  while  varying  zener  current  by  2  mA  around  the  value  of 
I/t  (20  mA).  This  variation  in  zener  current  is  illustrated  in  Figure  2.31.  Note  that  the 
2  mA  variation  in  Iz  causes  a  56  mV  variation  in  Vz.  From  this  information,  Zz  is  deter¬ 
mined  using 


A 4 


(2.7) 
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Zener  knee  current  (JZk) 
The  minimum  value  of  zener 
reverse  current  required  to 
maintain  voltage  regulation. 


Maximum  zener  current  (/ZM) 
The  maximum  allowable  value 
of  zener  reverse  current. 

Zener  test  current  (IZT) 

The  value  of  zener  current  at 
which  the  nominal  values  of  the 
component  are  measured. 


Zener  impedance  (Zz) 

The  zener  diode’s  opposition  to 
a  change  in  current. 


Lab  Reference:  Zener  impedance 
is  measured  in  Exercise  2. 


Zener  Diodes  47 


Static  reverse  current  ( lR ) 

The  reverse  current  through  a 
diode  when  VK  is  less  than  the 
component’s  reverse  breakdown 
voltage. _ _ 


The  ideal  and  practical  zener 
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A\/z=56  mV 

k— I 


FIGURE  2.31  Determining  zener  impedance. 

Thus,  for  the  diode  represented  by  the  curve  in  Figure  2.31: 


AVZ  56  mV 


A  /z 


2  mA 


28  ft 


Static  reverse  current  ( IR )  is  the  reverse  current  through  a  diode  when  VK  is  less  than 
the  component’s  reverse  breakdown  voltage.  In  other  words,  this  is  the  reverse  leakage 
current  through  the  diode  when  it  is  off.  For  the  1N746,  this  value  is  10  pA  at  25°C  and 
30  p,A  at  150°C. 

2.7.3  Zener  Equivalent  Circuits 

There  are  basically  two  equivalent  circuits  for  the  zener  diode.  Both  are  shown  in  Figure 
2.32.  The  ideal  model  simply  considers  the  zener  to  be  a  voltage  source  equal  to  Vz. 
When  placed  in  a  circuit,  this  voltage  source  opposes  the  applied  circuit  voltage. 


FIGURE  2.32  Zener  equivalent  circuits. 


The  practical  model  of  the  zener  includes  a  series  resistor,  labeled  Zz.  This  model  of 
the  zener  is  used  mainly  for  predicting  the  response  of  the  diode  to  a  change  in  circuit 
current.  This  point  is  demonstrated  in  our  discussion  on  zener  voltage  regulators  (in 
Chapter  3). 


1.  What  is  the  primary  difference  between  zener  diodes  and  /w-junction  diodes? 

2.  What  characteristic  of  a  zener  diode  makes  it  useful  as  a  voltage  regulator? 

3.  How  do  you  determine  the  direction  of  zener  current  in  a  schematic  diagram? 
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4.  What  is  the  significance  of  the  zener  voltage  rating? 

5.  Name  and  define  the  following  symbols:  Vz,  Zz,  IZK,  lZM,  IZT,  Izt,  and  IR. 

6.  Which  rated  zener  currents  limit  the  total  current  in  a  zener  diode  circuit? 


2.8  Zener  Diode  Specification  Sheets 


As  you  will  see  in  this  section,  zener  diode  spec  sheets  differ  somewhat  from  those  for 
p«-junction  diodes.  Figure  2.33  shows  a  portion  of  the  spec  sheet  for  the  1N4370A 
series  zener  diodes.  We  will  refer  to  this  figure  throughout  this  discussion. 


2.8.1  Maximum  Ratings 


The  primary  parameters  ,  for  the  zener  diode  are  the  maximum  steady-state  power  dissipa¬ 
tion  and  the  power  derating  factor.  While  the  operating  and  storage  temperature  range  is 
also  listed  in  the  maximum  ratings  section,  the  average  technician  would  not  be  con¬ 
cerned  with  this  parameter  under  normal  circumstances. 

The  maximum  steady-state  power  dissipation  rating  is  the  maximum  allowable 
average  power  dissipation  ( PD )  for  a  zener  diode  that  is  operating  in  reverse  breakdown. 
This  rating  is  used  (along  with  the  nominal  zener  voltage  rating)  to  determine  the  value  of 
maximum  zener  current  ( 1ZM )  when  IZM  is  not  listed  on  the  component  spec  sheet.  When 
the  value  of  IZM  is  not  listed  on  the  spec  sheet  for  a  given  zener  diode,  its  value  can  be 
approximated  using 


I/M  ~ 


D(niax) 


(2.8) 


◄  OBJECTIVES 


Maximum  steady  state  power 
dissipation  rating 

The  maximum  allowable 
average  power  dissipation  for  a 
zener  diode  that  is  operating  in 
reverse  breakdown. 


Example  2.13  demonstrates  the  use  of  this  equation. 


EXAMPLE  2.13 _ 

A  1N754A  zener  diode  has  a  dc  power  dissipation  rating  of  500  mW  and  a  nominal 
zener  voltage  of  6.8  V.  What  is  the  value  of  IZM  for  the  device? 

Solution:  Using  equation  (2.8),  the  value  of  IZM  is  found  as 


I/m 


P, 


mm 


P(max) 


500  mW 
6.8  V 


73.5  mA 


Remember,  the  value  of  IZM  is  important  because  it  determines  the  maximum  cur¬ 
rent  the  diode  can  tolerate!  If  the  average  current  through  this  diode  exceeds 
73.5  mA,  you’ll  end  up  replacing  the  diode. 

Practice  Problem  2.13 

A  zener  diode  has  a  dc  power  dissipation  rating  of  1  W  and  a  nominal  zener  voltage 
of  27  V.  What  is  the  value  of  IZM  for  the  device? 


The  power  derating  factor  (listed  in  the  maximum  ratings  table)  tells  you  how 
much  the  maximum  power  dissipation  rating  decreases  when  the  operating  tempera¬ 
ture  increases  above  a  specified  value.  For  example,  the  spec  sheet  in  Figure  2.33 
shows  a  derating  factor  of  4  mW/°C  at  temperatures  above  75°C.  This  means  that  the 
maximum  power  dissipation  rating  for  the  device  decreases  by  4  mW  for  every  1°C 
rise  in  operating  temperature  above  75°C.  Example  2.14  demonstrates  the  use  of  this 
derating  factor. 


Power  derating  factor 
The  rate  at  which  the  maximum 
power  rating  decreases  per  1°C 
rise  above  a  specified 
temperature. 
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1 N4370A  Series 

500  mW  DO-35  Hermetically 
Sealed  Glass  Zener  Voltage 
Regulators 

This  is  a  complete  series  of  500  mW  Zener  diodes  with  limits  and 
excellent  operating  characteristics  that  reflect  the  superior  capabilities 
of  silicon-oxide  passivated  junctions.  All  this  in  an  axial-lead 
hermetically  sealed  glass  package  that  offers  protection  in  all  common 
environmental  conditions. 


ON  Semiconductor™ 

http://onsemi.com 


Cathode 


* 


— o 

Anode 


Specification  Features: 


•  Zener  Voltage  Range  -  2.4  V  to  12  V 

•  ESD  Rating  of  Class  3  (>16  KV)  per  Human  Body  Model 

•  DO-204AH  (DO-35)  Package  -  Smaller  than  Conventional 
DO-204AA  Package 

•  Double  Slug  Type  Construction 

•  Metallurgical  Bonded  Construction 

Mechanical  Characteristics: 

CASE:  Double  slug  type,  hermetically  sealed  glass 

FINISH:  All  external  surfaces  are  corrosion  resistant  and  leads  are 


MARKING  DIAGRAM 


readily  solderable 

MAXIMUM  LEAD  TEMPERATURE  FOR  SOLDERING  PURPOSES: 

230°C,  1/16"  from  the  case  for  10  seconds 
POLARITY:  Cathode  indicated  by  polarity  band 

MOUNTING  POSITION:  Any 

MAXIMUM  RATINGS  (Note  1.)  _ 


IN 

1 

1  XX 

1 

|||  xxA 

:$]  YWW 

.  1 

L  =  Assembly  Location 

1  NxxxxA  =  Device  Code 

(See  Table  Next  Page) 


Rating 

Symbol 

Value 

Unit 

WW  =  Work  Week 

Max.  Steady  State  Power  Dissipation 

Pd 

500 

mW 

@  TL  S  75°C,  Lead  Length  =  3/8" 

Derate  above  75°C 

4.0 

mW/“C 

Operating  and  Storage 

Tj,  Tstg 

-65  to 

°C 

Temperature  Range 

+200 

1 .  Some  part  number  series  have  lower  JEDEC  registered  ratings 


FIGURE  2.33  (Copyright  of  Semiconductor  Component  Industries,  LLC.  Used  by 
permission.) 


EXAMPLE  2.14 _ _ 

The  power  derating  curve  in  Figure  2.33  (below  the  maximum  ratings  table)  shows 
that  the  1N4370A  has  a  maximum  power  dissipation  rating  of  400  mW  at  T  = 
100°C.  Verify  this  value  using  the  component’s  derating  factor  and  PD  rating. 

Solution:  The  first  step  is  to  determine  the  total  derating  value  at  T  =  100°C. 
This  value  is  found  as 


Derating  value  =  (4  mW/°C)(100°C  -  75°C)  =  100  mW 

Subtracting  this  value  from  the  maximum  power  dissipation  rating  of  500  mW, 
we  get 

PD  =  500  mW  -  100  mW  =  400  mW 


which  agrees  with  the  value  shown  on  the  curve. 

Practice  Problem  2.14 

Using  Figure  2.33,  determine  the  power  dissipation  rating  of  the  1N746A  at 
125°C. 
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0.7 


Figure  1.  Steady  State  Power  Derating 


1N4370A  Series 


ELECTRICAL  CHARACTERISTICS  (TA  =  25°C  unless 
otherwise  noted,  VF  =  1 .5  V  Max  @  lF  =  200  mA  for  all  types) 


Symbol 

Parameter 

Vz 

Reverse  Zener  Voltage  @  lZT 

•ZT 

Reverse  Current 

ZZT 

Maximum  Zener  Impedance  @  \^j 

iZM 

Maximum  DC  Zener  Current 

Ir 

Reverse  Leakage  Current  @  Vr 

Vr 

Reverse  Voltage 

If 

Forward  Current 

VF 

Forward  Voltage  @  lF 

ELECTRICAL  CHARACTERISTICS  (TA  -  25°C  unless  otherwise  noted.  VF  =  1 .5  V  Max  @  lF  =  200  mA  for  all  types) 


Device 

{Note  2.) 

Device 

Marking 

Zener  Wattage  (Note  3.) 

Zrr  (Note  4  \ 

- - - 

«R®VR=tV 

v2{Votts) 

«>ZT 

«»ZT 

TA«25"C 

TA  =  150“C 

Min 

Norn 

Max 

(mA) 

(O) 

(mA) 

(pA) 

(PA) 

1N4370A 

1N4370A 

228 

2.4 

2  52 

20 

30 

150 

100 

200 

1N4371A 

1N4371A 

2.57 

2.7 

2.84 

20 

30 

135 

75 

150 

1N4372A 

1N4372A 

2.85 

3.0 

3.15 

20 

29 

120 

50 

100 

1N746A 

1N746A 

3.14 

3.3 

3.47 

20 

28 

110 

10 

30 

1N747A 

1N747A 

3.42 

3.6 

3.78 

20 

24 

100 

10 

30 

1N748A 

1N748A 

3.71 

3.9 

4.10 

20 

23 

95 

10 

30 

1N749A 

1N749A 

4.09 

4.3 

4.52 

20 

22 

85 

2 

30 

1N750A 

1N750A 

4.47 

4.7 

4.94 

20 

19 

75 

2 

30 

1N751A 

1N751A 

4.85 

5.1 

5.36 

20 

17 

70 

1 

20 

1N7S2A 

1N752A 

5.32 

5.6 

5.88 

20 

11 

65 

1 

20 

1N753A 

1N753A 

5.89 

6.2 

6.51 

20 

7 

60 

0.1 

20 

1N754A 

1N754A 

6.46 

6.8 

7.14 

20 

5 

55 

0.1 

20 

1N755A 

1N755A 

7.13 

7.5 

7.88 

20 

6 

50 

0.1 

20 

1N756A 

1N756A 

7.79 

8.2 

8.61 

20 

8 

45 

0.1 

20 

1N757A 

1N757A 

8.65 

9.1 

9.56 

20 

10 

40 

0.1 

20 

1N758A 

1N758A 

9.50 

10 

10.5 

20 

17 

35 

0.1 

20 

1N759A 

1N759A 

11.40 

12 

12.6 

20 

30 

30 

0.1 

20 

2.  TOLERANCE  AND  TYPE  NUMBER  DESIGNATION  (Vz) 

The  type  numbers  listed  have  a  standard  tolerance  on  the  nominal  zener  voltage  of  ±5%. 


3.  ZENER  VOLTAGE  <VZ)  MEASUREMENT 

Nominal  zener  voltage  is  measured  with  the  device  junction  in  the  thermal  equilibrium  at  the  lead  temperature  (TL)  at  30°C  ±  1°C  and  3/8” 
lead  length. 


4.  ZENER  IMPEDANCE  <Zz)  DERIVATION 

ZZT  and  ZZK  are  measured  by  dividing  the  ac  voltage  drop  across  the  device  by  the  ac  current  applied.  The  specified  limits  are  for  lZ(ac)  = 
0.1  iz(dc)  with  the  ac  frequency  =  60  Hz.  ' 

5.  MAXIMUM  ZENER  CURRENT  RATINGS  (lZM) 

Values  shown  are  based  on  the  JEDEC  rating  of  400  mW  where  the  actual  zener  voltage  (Vz)  is  known  at  the  operating  point,  the  maximum 
zener  current  may  be  increased  and  is  limited  by  the  derating  curve. 


FIGURE  2.33  ( continued ) 
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Nominal  zener  voltage 

The  rated  value  of  Vz  for  a 
given  zener  diode. 


The  JEDEC  Solid  State 
Technology  Association  is  a 
branch  of  the  Electronics 
Industries  Alliance  (E1A)  that 
deals  with  the  standardization 
of  semiconductor  devices  and 


What  parameters  are  critical  for 


A  Practical  Consideration: 
When  we  were  dealing  with 
substituting  one  pn-junction 
diode  for  another,  we  were  con¬ 
cerned  only  with  whether  the 
current  and  peak  reverse  volt¬ 
age  ratings  were  high  enough 
to  survive  in  the  circuit.  When 
dealing  with  zener  diodes,  the 
of  the  substitute 
diode  may  be  higher  than 
needed,  but  the  V>  rating  of 


2.8.2  Electrical  Characteristics 

The  electrical  characteristics  table  in  Figure  2.33  contains  the  zener  voltage,  current,  and 
impedance  ratings  for  each  diode  in  the  series.  If  you  look  closely  at  the  values  in  the 
nominal  zener  voltage  column  (shaded),  you  will  notice  something  interesting:  The  val¬ 
ues  listed  follow  the  same  basic  progression  as  standard  resistor  values.  Note  that  each 
nominal  zener  value  is  measured  at  the  listed  value  of  zener  test  current  ( IZt )• 

Each  component  listed  in  the  electrical  characteristics  table  has  a  tolerance  in  its  Vz 
rating  of  ±5%.  For  example,  the  1N758A  has  a  nominal  zener  rating  of  10  V.  The  actual 
value  of  the  component  could  fall  anywhere  between 

Vz  =  10  V  -  5%  =  10  V  -  0.5  V  =  9.5  V 


and 


Vz  =  10  V  +  5%  -  10  V  +  0.5  V  =  10.5  V 

when  the  device  current  equals  20  mA.  As  you  can  see,  these  minimum  and  maximum 
values  of  Vz  are  listed  in  the  table. 

The  ZZT  rating  is  the  value  of  zener  impedance  at  the  listed  value  of  Iz T.  The  value  of 
ZZT  listed  would  be  used  in  any  circuit  calculations  involving  zener  impedance,  as  will  be 
shown  in  Chapter  3. 

Each  value  in  the  IZM  ( maximum  zener  current)  column  is  based  on  a  JEDEC  rating  of 
400  mW  and  the  rated  zener  voltage  of  the  component  (as  indicated  by  Note  5  below  the 
table).  In  each  case,  the  product  of  IZM  and  Vz  is  approximately  360  mW,  which  is  10% 
lower  than  the  JEDEC  rated  value  of  PD  =  400  mW.  Thus,  there  is  an  added  safety  mar¬ 
gin  built  into  the  rating. 

The  values  in  the  IR  column  represent  the  maximum  reverse  leakage  current  (or  static 
reverse  current )  values  for  the  components,  measured  at  a  value  of  VR  =  1  V.  As  the  spec 
sheet  indicates,  this  value  is  temperature  dependent,  just  like  the  reverse  current  rating  of 
the  pn-junction  diode. 

2.8.3  Zener  Diode  Selector  Guides 

The  selector  guides  for  zener  diodes  are  very  similar  to  those  used  for  the  pn-junction 
diodes.  A  zener  diode  selector  guide  is  shown  in  Figure  2.34. 

As  you  can  see,  the  critical  parameters  for  device  substitution  are  nominal  zener  volt¬ 
age  (vertical  listing)  and  dc  power  dissipation  (horizontal  listing).  Examples  2.15  and 
2. 16  show  how  the  selector  guide  is  used. 

EXAMPLE  2.15 _ 

We  need  a  substitute  component  for  a  zener  diode  that  is  faulty.  The  substitute  com¬ 
ponent  must  have  a  nominal  zener  voltage  of  12  V  and  be  capable  of  dissipating 
1.2  W.  Which  of  the  zeners  listed  in  Figure  2.34  can  be  used? 

Solution:  First,  the  zener  diode  must  have  a  rating  of  12  V.  Therefore,  our  diode 
is  listed  in  the  row  that  corresponds  to  Vz  =  12  V.  Two  diodes  are  listed  in  the  12  V 
row  that  have  power  dissipation  ratings  greater  than  1.2  W.  These  are  the  1N5927A 
(1.5  W)  and  the  1N5349A  (5  W).  Either  of  these  diodes  could  be  used  as  a  substi¬ 
tute  component. 

Practice  Problem  2.15 

We  need  a  zener  diode  with  a  nominal  zener  voltage  of  75  V  and  a  power  dissipation 
capability  of  4  W.  Which  zener  diode(s)  shown  in  Figure  2.34  can  be  used  in  this  case? 

When  we  know  the  zener  voltage  and  current  requirements  of  a  component  and  need  a 
substitute,  we  have  to  do  a  little  calculating  to  find  the  right  substitute  part.  This  point  is 
illustrated  in  the  following  example. 
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2.2 

2.4 

MLL4370 

MLL5221A 

2.5 

MLL5222A 

2.7 

MLL4371 

MLL5223A 

2.8 

MLL5224A 

3.0 

MLL4372 

MLL4225A 

3.3 

MLL746 

MLL5226A 

1N4728 

MLL4728 

1N3821 

1N5913A 

1N5333A 

3.6 

MLL747 

MLL5227A 

1N4729 

MLL4729 

1N3822 

MLL748 

MLL5228A 

1N4730 

MLL4730 

1N3823 

1N5915A 

MLL5229A 

1N4731 

MLL4731 

1N3824 

MLL750 

MLL5230A 

1N4732 

MLL4732 

1N3825 

1N5917A 

MLL5231 A 

1N4733 

MLL4/33 

1N3826 

5.6 

MLL752 

MLL5232A 

1N4734 

MLL4734 

1N3827 

1N5919A 

1N5339A 

MLL5233A 

6.2 

MLL753 

MLL5234A 

1N4735 

MLL4735 

1N3828 

1N5920A 

1N5341A 

6.8 

MLL754 

MLL5235A 

1N4736 

MLL4736 

1N3829 

1N5921A 

1N5342A 

1N3016A 

7.5 

MLL755 

MLL5236A 

1N4737 

MLL4737 

1N3830 

1N5343A 

MLL958A 

1N3017A 

8.2 

MLL756 
MLL959A  - 

MLL5237A 

1N4738 

MLL4738 

1N3018A 

1N5923A 

h  1N5344A 

8.7 

MLL5238A 

1N5345A 

9.1 

MLL7S7 

ML  L 960 A 

MLL5239A 

1N4739 

MLL4739 

1N3019A 

1N5924A 

1N5346A 

10 

MLL758 

MLL961A 

MLL5240A 

1N4740 

MLL4740 

1N3020A 

1N5925A 

1N5347A 

11 

MLL962A 

MLL5241 A 

1N4741 

MLL4741 

1N3021A 

1N5926A 

1N5348A 

12 

MLL759 

MLL963A 

MLL5242A 

1N4742 

MLL4742 

1N3022A 

1N5927A 

1N5349A 

13 

MLL964A 

MLL5243A 

1N4743 

MLL4743 

1N3023A 

1N5928A 

MLL5245A 

1N4744 

MLL4744 

1N3024A 

16 

MLL966A 

MLL5246A 

1N4745 

MLL4745 

1N3025A 

1N5930A 

18 

MLL967A 

MLL5248A 

1N4746 

MLL4746 

1N3026A 

1N5931A 

1N53S5A 

19 

MLL5249A 

20 

MLL968A 

MLL5250A 

1N4747 

MLL4747 

1N3027A 

22 

MLL969A 

MLL5251A 

1N4748 

MLL4748 

1N3028A 

MLL970A 

MLL5252A 

1N4749 

MLL4749 

1N3029A 

1N5934A 

MLL971A 

MLL5254A 

1N4750 

MLL4750 

1N3030A 

1N5935A 

1N5361A 

28 

MLL972A 

MLL5255A 

MLL5256A 

1N4751 

MLL4751 

1N3031A 

MLL5257A 

1N4752 

MLL4752 

1N3032A 

MLL974A 

MLL5256A 

1N4753 

MLL4753 

1N3033A 

MLL5259A 

1N4754 

MLL4754 

1N3034A 

MLL5260A 

1N4755 

MLL4755 

1N3035A 

1N5940A 

1N5367A 

47 

MLL977A 

MLL5261 A 

1N4756 

MLL4756 

1N3036A 

MLL978A 

MLL5262A 

1N4757 

MLL4751 

1N3037A 

MLL979A 

MLL5263A 

1N4758 

MLL4758 

1N3038A 

1N5943A 

MLL5264A 

MLL980A 

MLL5265A 

1N4759 

MLL4759 

1N3039A 

MLL981A 

MLL5266A 

1N4760 

MLL4760 

1N3040A 

1N5945A 

1N5373A 

75 

MLL962A 

MLL5267A 

1N4761 

MLL4761 

1N3041A 

82 

87 

MLL983A 

MLL5268A 

MLL5269A 

1N4762 

MLL4762 

1N3042A 

1N5947A 

1N5375A 

MLL984A 

MLL5270A 

1N4763 

MLL4763 

1N3043A 

MLL985A 

1N4764 

MLL4764 

1N3044A 

1N3045A 

1N5950A 

1N5379A 

120 

1N3046A 

1N5951A 

1N5380A 

1N3047A 

1N5952A 

1N3048A 

1N5963A 

1N3049A 

1N5954A 

1N5384A 

175 

1N5385A 

160 

1N3050A 

1N5955A 

1N3051A 

1N5956A 

1N5388A 

FIGURE  2.34  Zener  selector  guide.  (Copyright  of  Semiconductor  Component  Industries, 
LLC.  Used  by  permission.) 


EXAMPLE  2.16  _ 

We  need  to  replace  a  faulty  zener  diode.  The  substitute  component  must  have  a  nominal 
zener  voltage  of  20  V  and  be  able  to  handle  the  power  generated  by  a  maximum  current 
of  150  mA.  Which  diode(s)  listed  in  Figure  2.34  can  be  used  in  this  application? 

Solution:  First,  we  need  to  determine  the  power  dissipation  requirements  of  the 
substitute  diode.  The  dc  power  requirement  is  found  as 

-  ImVz  =  050  mA)(20  V)  =  3  W 

Therefore,  the  substitute  component  must  be  able  to  dissipate  at  least  3  W.  Check¬ 
ing  the  20  V/5  W  location  on  the  selector  guide,  we  see  that  the  only  component  we 
can  use  is  the  1N5357A. 

Practice  Problem  2.16 

We  need  a  zener  diode  with  a  nominal  zener  voltage  of  6.8  V  that  can  handle  a 
maximum  zener  current  of  175  mA.  Which  diode(s)  listed  in  Figure  2.34  can  be 
used  for  this  application? 
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Section  Review  ►  1.  When  a  spec  sheet  does  not  list  the  value  of  IZM,  how  do  you  determine  its  value? 

2.  What  is  a  power  derating  factorl  How  is  it  used? 

3.  Explain  how  you  would  determine  whether  one  zener  diode  can  be  used  in  place  of 
another. 


2.9  Light-Emitting  Diodes  (LEDs) 


LEDs  are  diodes  that  emit  light  when  biased  properly.  LEDs  are  available  in  a  variety  of 
colors,  such  as  red,  yellow,  and  green.  Some,  such  as  infrared  LEDs,  emit  light  that  is  not 
visible  to  the  naked  eye.  The  schematic  symbol  for  the  LED  is  shown  in  Figure  2.35.  Note 
that  nothing  in  the  symbol  indicates  the  color  of  the  component  or  the  light  that  it  emits. 

The  construction  of  a  typical  LED  is  illustrated  in  Figure  2.36.  Since  LEDs  have  clear 
(or  semiclear)  cases,  there  is  normally  no  label  on  the  case  to  identify  the  leads.  Rather, 
the  leads  are  normally  identified  in  one  of  two  ways: 

1.  The  leads  may  have  different  lengths,  as  shown  in  Figure  2.37a.  When  this  scheme 
is  used,  the  shorter  of  the  two  leads  is  usually  the  cathode. 

2.  One  side  of  the  case  may  be  flattened,  as  shown  in  Figure  2.37b.  When  this  scheme 
is  used,  the  lead  closest  to  the  flattened  side  is  usually  the  cathode. 


OBJECTIVE  9  ► 
Anode 

Cathode 

FIGURE  2.35  The  LED 
schematic  symbol. 


2.9.1  LED  Characteristics 

LEDs  have  characteristic  curves  that  are  very  similar  to  those  for  pn-junction  diodes. 
However,  LEDs  have  higher  forward  voltage  (VF)  values  and  lower  reverse  breakdown 
voltage  ( VBR )  ratings.  Typically: 

*  Forward  voltage  (V//.)  is  between  1.4  and  3.6  V  (at  IF  =  20  mA). 

■  Reverse  breakdown  voltage  (VBR)  is  between  —3  and  — 10  V. 

The  color  emitted  by  a  given  LED  depends  on  the  combination  of  elements  used  to 
produce  the  component.  LEDs  are  generally  produced  using  gallium  (Ga)  and  one  or 
more  of  the  following  elements:  arsenic  (As),  aluminum  (Al),  indium  (In),  phosphorus 
(P),  and  nitrogen  (N).  Some  common  element  combinations  are  identified  in  Table  2.4. 
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FIGURE  2.37 


(a) 


Flattened  side  of  case 


Cathode  pin 
Anode  pin 


(Bottom  view) 


(b) 


TABLE  2.4  Common  LEDs 


Elements 

Forward  Voltage  (VF) 

Color  Emitted 

GaAs 

1.5  V  @  =  20  mA 

Infrared  (invisible) 

AlGaAs 

1.8  V  @  IF  =  20  mA 

Red 

GaP 

2.4  V  @  IF  =  20  mA 

Green 

AlGalnP 

2.0  V  @  IF  =  20  mA 

Amber  (yellow) 

AlGalnN 

3.6  V  @  IF  =  20  mA 

Blue 

FIGURE  2.38  An  LED  needs  a 
current-limiting  resistor. 


Most  LEDs  have  a  forward  current  (Ip)  limit  of  100  mA  or  less.  For  that  reason,  LEDs 
typically  require  the  use  of  a  series  current-limiting  resistor. 


2.9.2  Current-Limiting  Resistors 

When  used  in  any  practical  application,  an  LED  requires  the  use  of  a  series  current- 
limiting  resistor,  as  shown  in  Figure  2.38.  The  resistor  ensures  that  the  maximum  current 
rating  of  the  LED  cannot  be  exceeded  by  the  circuit  current.  As  the  illustration  shows,  the 
value  of  the  limiting  resistor  ( Rs )  is  determined  using  the  following  equation: 


Rs  = 


^outfpk) 


-  Ep 


(2.9) 


where  Vout(pk)  =  the  peak  output  voltage  of  the  driving  circuit 
VF  =  the  minimum  value  of  VF  for  the  LED 
IF  =  the  desired  value  of  Ih  for  the  LED 

To  provide  a  safety  margin,  the  value  of  IF  used  in  equation  (2.9)  should  be  no  greater 
than  80%  of  the  rated  maximum  LED  forward  current.  Example  2.7  demonstrates  the 
process  of  determining  the  needed  value  for  a  current-limiting  resistor. 


EXAMPLE  2.17 


Current-limiting  resistor 

A  resistor  in  series  with  a 
component  to  limit  the  current 
through  the  component. 


◄  OBJECTIVE  10 


The  driving  circuit  shown  in  Figure  2.38  has  a  peak  output  of  8  V.  The  LED  has  rat¬ 
ings  of  VF  =  1.8  to  2.0  V,  and  the  diode  maximum  forward  current  rating  is  16  mA. 
What  value  of  current-limiting  resistor  is  needed  in  the  circuit? 
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Solution:  The  forward  current  rating  of  the  diode  is  16  mA.  Using  the  80% 
guideline,  the  maximum  allowable  value  of  IF  is  found  as 

lF  =  (0.8)(16  mA)  =  12.8  mA 


Now,  using  the  peak  voltage,  the  minimum  rated  value  of  VF,  and  our  calculated 
limit  on  IF,  the  value  of  the  current  limiting  resistor  (Rs)  is  found  as 


^out(pk) 


h 


8  V  -  1.8  V 
12.8  mA 


=  484.4  ft 


The  smallest  standard-value  resistor  that  has  a  value  greater  than  484.4  ft  is  the 
510ft  resistor.  This  is  the  component  we  would  use  in  this  circuit. 


Practice  Problem  2.17 

An  LED  with  a  forward  voltage  rating  of  1.4  to  1.8  V  and  a  forward  current  rating 
of  12  mA  is  driven  by  a  source  with  a  peak  voltage  of  14  V.  What  is  the  smallest 
standard  resistor  value  that  can  be  used  as  RS1  (Note:  A  listing  of  the  standard  resis¬ 
tor  values  appears  in  Appendix  A.) 


2.9.3  Multicolor  LEDs 


Multicolor  LED 

An  LED  that  emits  different 
colors  when  the  polarity  of  the 
supply  voltage  changes. 


Some  LEDs  emit  one  color  of  light  when  the  biasing  voltage  has  one  polarity  and  a  sec¬ 
ond  color  when  the  polarity  of  the  biasing  voltage  reverses.  By  rapidly  switching  the 
polarity  of  the  biasing  voltage,  a  multicolor  LED  can  be  made  to  appear  to  generate  a 
third  color.  One  schematic  symbol  for  a  multicolor  LED  is  shown  in  Figure  2.39. 

Multicolor  LEDs  contain  two  pn  junctions,  one  for  each  color  of  light  that  the  compo¬ 
nent  emits.  Because  the  junction  in  an  LED  emits  light  only  when  it  is  forward  biased,  the 
two  diode  junctions  are  connected  in  reverse  parallel,  meaning  that  the  anode  of  each  is 
connected  to  the  cathode  of  the  other. 

If  a  positive  potential  is  applied  to  the  LED  (as  shown  in  Figure  2.39a),  the  pn  junction 
on  the  left  emits  light.  Note  that  the  device  current  passes  through  the  left  pn  junction.  If 
the  polarity  of  the  voltage  source  is  reversed  (as  shown  in  Figure  2.39b),  the  pn  junction 
on  the  right  emits  light.  Note  that  the  direction  of  diode  current  has  reversed  and  is  now 
passing  through  the  right  pn  junction. 

Multicolor  LEDs  are  typically  red  when  biased  in  one  direction  and  green  when 
biased  in  the  other.  If  a  multicolor  LED  is  switched  fast  enough  between  the  two 
polarities,  the  LED  appears  to  produce  a  third  color.  For  example,  a  red/green  LED 
appears  to  produce  a  yellow  light  when  rapidly  switched  back  and  forth  between  bias¬ 
ing  polarities. 


Section  Review  ►  1.  How  are  the  leads  on  an  LED  usually  identified? 

2.  How  do  the  electrical  characteristics  of  LEDs  differ  from  those  of  pn-junction  diodes? 

3.  Why  do  LEDs  need  series  current-limiting  resistors? 


2.10  Diode  Testing 


What  causes  most  diode 

_ 


Most  diode  failures  are  caused  by  component  aging,  excessive  forward  current,  or 
exceeding  the  component’s  VRRM  rating.  When  a  diode  has  been  damaged  by  excessive 
current,  the  problem  is  usually  easy  to  diagnose.  In  most  cases,  the  diode  cracks  or  falls 
apart  completely.  Burned  connection  points  and  copper  traces  on  a  printed  circuit  board 
are  also  symptoms  of  excessive  diode  current. 

When  a  diode  does  not  show  obvious  signs  of  damage  (like  those  listed  above),  some 
simple  tests  will  tell  you  whether  or  not  the  component  is  faulty. 
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2.10.1  Testing  JW-Junction  Diodes 

A  /^-junction  diode  can  be  tested  using  a  digital  ohmmeter,  as  shown  in  Figure  2.40.  ◄  OBJECTIVE  11 

When  connected  as  shown  in  Figure  2.40a,  the  diode  is  forward  biased  by  the  ohmmeter. 

As  a  result,  the  component  resistance  reading  should  be  very  low,  typically  lower  than 
1  kO.  When  connected  as  shown  in  Figure  2.40b,  the  ohmmeter  reverse  biases  the  diode. 

As  a  result,  the  component  resistance  should  be  extremely  high,  typically  in  the  high  MO 
range.  In  most  cases,  the  ohmmeter  gives  an  out-of-range  indication  as  a  result  of  the 
high  diode  reverse  resistance.  When  you  test  a  diode,  a  high  forward  resistance  or  low 
reverse  resistance  indicates  that  the  diode  is  faulty  and  must  be  replaced. 

Several  notes  of  caution  need  to  be  made  regarding  this  procedure: 

1.  When  set  on  low  resistance  scales,  some  ohmmeters  can  generate  enough  current  to 
destroy  a  low-current  diode.  To  prevent  component  damage,  use  only  the  resistance 
scales  rated  in  the  low  kfi  or  higher.  For  example,  the  minimum  resistance  setting 
for  the  meter  represented  in  Figure  2.40  would  be  2  k Cl.  (When  in  doubt,  check 
the  current  limit  of  the  diode  under  test,  and  compare  it  to  the  current  limits  of 
the  meter.) 


ON/OFF 


Lab  Reference:  Diode  testing  with 
an  ohmmeter  is  demonstrated  in 
Exercise  1. 


Note:  Typical  forward  resistance 
readings  for  a  good  diode 
are  around  1  kfl  or  lower. 


Forward  resistance  check 
(a) 


Note:  Typical  reverse  resistance 
for  a  good  diode  results  in 
an  “out  of  range”  indication 
on  the  meter. 


FIGURE  2.40  Diode  testing. 


Reverse  resistance  check 
(b) 
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2.  Some  meters  supply  current  from  the  common  lead,  but  others  supply  it  from  the 
“ohms”  lead.  Check  the  documentation  on  your  meter  to  be  sure  that  you  know  the 
lead  polarities  before  testing  any  diodes.  Otherwise,  you  may  think  you  have  a  bad 
diode  when  you  don’t. 

Many  DMMs  have  a  diode  test  function,  as  illustrated  in  Figure  2.41.  Note  that  the 
meter  function  and  range  switches  are  set  to  select  the  diode  symbol.  When  the  meter  is 
connected  as  shown  in  Figure  2.41a,  the  diode  is  forward  biased  by  the  meter.  The  read¬ 
ing  indicates  the  approximate  value  of  VF  across  the  diode,  or  0.7  V  in  this  case.  When 
the  meter  is  connected  as  shown  in  Figure  2.41b,  the  diode  is  reverse  biased.  In  this  case, 
the  meter  reading  indicates  the  value  of  VR  across  the  diode,  which  is  approximately 
equal  to  the  voltage  provided  by  the  internal  meter  power  supply  (3.0  V  in  this  case).  If 
the  meter  reads  3.0  V  for  a  forward  voltage,  or  less  than  1  V  for  a  reverse  voltage,  the 
component  is  faulty  and  must  be  replaced. 

An  ohmmeter  can  also  be  used  to  identify  the  anode  and  the  cathode  of  an  unmarked 
diode.  Diodes  are  usually  marked  to  indicate  which  end  of  the  component  is  the  cathode. 
However,  with  age  and  heat,  these  markings  may  fade.  When  the  ohmmeter  is  connected 
to  the  diode  so  that  it  is  forward  biased,  the  positive  meter  lead  is  connected  to  the  anode 
and  the  negative  lead  is  connected  to  the  cathode. 


FIGURE  2.41 


Reverse  diode  test 
(b) 


2.10.2  Testing  Zener  Diodes 

In  most  cases,  a  zener  diode  cannot  be  tested  as  shown  in  Figures  2.40  and  2.41,  simply 
because  the  component  is  designed  to  break  down  and  conduct  in  the  reverse  direction 
when  the  magnitude  of  the  component  voltage  equals  Vz. 

The  simplest  test  of  a  zener  diode  is  to  measure  the  voltage  across  its  terminals  while 
the  component  is  in  the  circuit  under  test.  If  the  voltage  across  the  zener  is  within  toler¬ 
ance,  the  component  is  good.  If  not,  there  is  a  strong  possibility  that  the  component  is 
faulty.  In  this  case,  simply  replace  the  component.  If  the  circuit  operation  returns  to  nor¬ 
mal,  then  the  zener  diode  was  the  source  of  the  problem;  if  not,  continued  testing  of  the 
other  circuit  components  is  required. 


2.10.3  Testing  LEDs 

Normally  you  will  not  need  to  test  an  LED  to  see  if  it  is  defective.  The  usual  cause  of  a 
faulty  LED  is  excessive  forward  current,  which  destroys  the  pn  junction.  When  this 
occurs,  the  discoloration  of  the  LED  due  to  the  burnt  junction  is  easy  to  recognize.  In 
Figure  2.42,  the  LED  on  the  right  is  normal,  and  the  LED  on  the  left  has  been  damaged 
by  excessive  current. 


FIGURE  2.42 


1.  What  are  the  common  causes  of  diode  failure?  ◄  Section  Review 

2.  What  steps  are  involved  in  testing  a  pn-junction  diode  with  an  ohmmeter? 

3.  What  precautions  should  be  taken  before  using  an  ohmmeter  to  test  a  pn-junction  diode? 

4.  How  do  you  test  a  zener  diode? 


2.10.4  Diodes:  A  Comparison 

You  have  been  shown  quite  a  lot  in  this  chapter.  The  summary  illustration  in  Figure  2.43 
will  help  you  to  remember  the  primary  points  about  each  diode  covered.  If  you  have  diffi¬ 
culty  remembering  any  of  the  points  listed,  review  the  appropriate  section  of  the  chapter 
or  the  chapter  summary. 
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FIGURE  2.43 


CHAPTER  SUMMARY  - 

Here  is  a  summary  of  the  major  points  made  in  this  chapter: 

1.  A  diode  is  a  two-electrode  (two-terminal)  device  that  acts  as  a  one-way  conductor. 

2.  The  pn-junction  diode  is  nothing  more  than  a  pn  junction  with  a  lead  connected  to 

each  of  the  semiconductor  materials. 

a.  The  n-type  material  is  referred  to  as  the  cathode. 

b.  The  p-type  material  is  referred  to  as  the  anode. 

3.  A  pn-junction  diode  is  forward  biased  when  the  cathode  is  more  negative  than  the 

anode. 

a.  The  arrow  in  the  schematic  symbol  points  toward  the  more  negative  potential 
when  the  device  is  forward  biased. 

b.  Current  through  a  forward-biased  diode  is  in  the  direction  of  the  arrow. 

4.  A  pn-junction  diode  is  reversed  biased  when  the  cathode  is  more  positive  than  the 

anode. 

a.  The  device  is  reverse  biased  when  the  arrow  in  the  schematic  symbol  points 
toward  the  more  positive  of  the  diode  potentials. 

b.  Device  current  is  (ideally)  zero  when  the  component  is  reverse  biased. 

5.  There  are  three  diode  models. 

a.  The  ideal  model  is  the  simplest  of  the  three  and  is  used  primarily  in  the  initial 
stages  of  troubleshooting. 

b.  The  practical  model  includes  several  diode  characteristics  that  must  be  considered 
for  circuit  analysis  problems  and  component  substitution. 

c.  The  complete  model  includes  characteristics  that  are  considered  in  circuit  devel¬ 
opment  (design)  and  high-frequency  analysis.  It  also  contains  several  character¬ 
istics  that  account  for  the  differences  between  predicted  and  measured  circuit 
values. 
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6.  The  ideal  diode  is  viewed  as  an  open  switch  when  reverse  biased  and  as  a  closed 
switch  when  forward  biased. 

7.  When  reverse  biased,  the  ideal  diode  model  assumes  that  the  component: 

a.  Has  infinite  resistance. 

b.  Does  not  pass  current. 

c.  Drops  the  entire  applied  voltage  across  its  terminals. 

8.  When  forward  biased,  the  ideal  diode  model  assumes  that  the  component: 

a.  Has  no  resistance. 

b.  Has  no  control  over  diode  forward  current. 

c.  Has  no  voltage  drop  across  its  terminals. 

9.  When  the  ideal  diode  is  forward  biased,  diode  current  is  determined  by  the  voltage 
and  resistance  values  that  are  external  to  the  component. 

10.  The  ideal  diode  model  is  used  in  the  initial  stages  of  troubleshooting. 

11.  The  practical  diode  model  includes  diode  forward  voltage  (among  other  charac¬ 
teristics). 

12.  The  term  knee  voltage  is  commonly  used  to  describe  the  voltage  on  a  voltage- 
versus-current  graph  where  current  suddenly  increases  (or  decreases). 

13.  The  knee  voltage  for  a  practical  forward-biased  diode  is  assumed  to  be  approximately: 

a.  0.7  V  for  silicon  (Si). 

b.  0.3  V  for  germanium  (Ge). 

14.  In  the  forward  operating  region,  the  practical  diode  model  assumes  that: 

a.  Diode  current  remains  at  zero  until  the  knee  voltage  is  reached. 

b.  The  diode  turns  on  and  forward  conduction  occurs  when  VF  =  Vk. 

c.  Forward  voltage  remains  fixed  regardless  of  the  value  of  IF. 

15.  Including  VF  in  any  circuit  analysis  reduces  the  percentage  of  error  in  the  circuit 
calculations. 

16.  The  maximum  reverse  voltage  that  won 't  force  a  diode  to  conduct  is  called  the  peak 
reverse  voltage  (VRRM). 

17.  If  the  reverse  voltage  applied  to  a  diode  exceeds  its  VRRM  rating,  the  component 
may  break  down  and  allow  conduction  in  the  reverse  direction. 

18.  If  forced  to  conduct  in  the  reverse  direction,  avalanche  current  may  generate  suffi¬ 
cient  heat  to  destroy  the  diode. 

19.  VRRM  is  a  diode  parameter  (limit).  If  any  diode  parameter  is  exceeded,  the  compo¬ 
nent  may  be  damaged  or  destroyed. 

a.  As  a  precaution,  the  value  of  VRRM  for  a  diode  should  be  at  least  20%  greater 
than  the  maximum  anticipated  reverse  voltage  in  a  circuit. 

b.  The  value  of  VRRM  for  a  given  diode  is  always  provided  on  the  component  speci¬ 
fication  sheet. 

20.  The  average  forward  current  (Z0)  rating  for  a  diode  is  the  maximum  allowable  value 
of  dc  forward  current. 

a.  70  is  a  diode  parameter. 

b.  As  a  precaution,  the  I0  rating  for  a  diode  should  be  at  least  20%  greater  than  the 
maximum  anticipated  value  of  IF  in  a  circuit. 

21.  The  power  dissipation  (PD( max))  rating  of  a  diode  indicates  its  maximum  possible 
power  dissipation  when  forward  biased. 

a.  PD(m ax)  is  a  diode  parameter. 

b.  As  a  precaution,  the  value  of  PD(m-ix)  for  a  diode  should  be  at  least  20%  greater 
than  the  maximum  anticipated  value  of  PF  in  a  circuit. 

22.  When  determining  whether  to  use  a  diode  in  a  given  circuit,  you  must  consider: 

a.  Is  the  VRRM  rating  of  the  component  at  least  20%  greater  than  the  maximum 
value  of  reverse  voltage  in  the  circuit? 

b.  Is  the  I0  rating  of  the  component  at  least  20%  greater  than  the  maximum  value  of 
forward  current  in  the  circuit? 

c.  Is  the  PD(m „)  rating  of  the  component  at  least  20%  greater  than  the  maximum 
anticipated  value  of  PF  in  the  circuit? 

If  the  answer  to  all  of  these  questions  is  yes ,  you  can  use  the  diode  in  the  circuit. 
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23.  Bulk  resistance  is  the  natural  resistance  of  the  diode  p-  and  «-type  materials. 

24.  The  bulk  resistance  of  a  diode  causes  VF  to  increase  slightly  as  IF  increases.  The 
effect  of  bulk  resistance  on  diode  forward  operation  is  illustrated  in  Figure  2.19  and 
Example  2.12. 

25.  When  reverse  biased,  a  diode  passes  a  very  low-value  reverse  current. 

a.  Reverse  current  is  made  up  of  reverse  saturation  current  ( Is )  and  surface-leak- 
age  current  (/S7  ). 

b.  Reverse  current  is  normally  in  the  low  microamp  (p-A)  range  or  lower. 

26.  Diode  reverse  current  remains  relatively  constant  as  long  as  the  VRRM  rating  of  the 
diode  is  not  exceeded  and  the  temperature  remains  constant. 

a.  Reverse  saturation  current  is  temperature  dependent. 

b.  Surface  leakage  current  varies  directly  with  the  amount  of  reverse  bias  applied  to 
a  diode. 

27.  The  presence  of  reverse  current  causes  a  slight  voltage  to  be  developed  across  any 
resistance  in  series  with  a  diode  when  the  component  is  reverse  biased. 

28.  When  reverse  biased,  a  diode  has  measurable  junction  capacitance. 

29.  The  forward  current  through  a  diode  at  values  of  V F  <  Vk  is  referred  to  as  diffusion 
current. 

30.  An  increase  in  diode  operating  temperature  causes: 

a.  A  decrease  in  VF  at  a  given  value  of  1F. 

b.  An  increase  in  IF  at  a  given  value  of  VF. 

31.  Typically,  an  increase  in  diode  operating  temperature  results  in  a  slight  increase  in 
IF  and  a  slight  decrease  in  V/r. 

32.  The  specification  (spec)  sheet  for  a  component  lists  its  parameters  and  operating 
characteristics  (see  Figure  2.25). 

a.  Parameters  (or  maximum  ratings )  are  limits  that  are  not  to  be  exceeded  under 
any  circumstances. 

b.  Operating  characteristics  (or  electrical  characteristics )  are  guaranteed  device 
characteristics.  As  long  as  the  parameters  of  the  device  are  observed,  the  operat¬ 
ing  characteristics  are  guaranteed  to  fall  within  the  ranges  listed. 

33.  When  substituting  one  diode  for  another,  average  forward  current  (70)  and  peak 
reverse  voltage  ( VRRM )  are  the  primary  considerations.  Each  of  these  ratings  must 
be  at  least  20%  greater  than  the  expected  values  of  forward  current  and  reverse  volt¬ 
age  in  the  circuit. 

34.  Diode  selector  guides  are  references  that  are  used  to  locate  suitable  diodes  for 
specific  circuit  requirements  (see  Figure  2.27). 

35.  The  zener  diode  is  designed  to  work  in  the  reverse  breakdown  region  of  the  diode 
characteristic  curve. 

36.  When  operated  in  the  reverse  breakdown  region  of  its  operating  curve,  the  voltage 
across  a  zener  diode  remains  relatively  constant  over  a  specified  range  of  current 
values. 

a.  The  specified  current  range  is  defined  by  zener  knee  current  ( IZk )  and  maximum 
zener  current  ( IZM ). 

b.  The  voltage  across  a  zener  that  is  operated  between  IZK  and  IZM  is  nearly  con¬ 
stant  and  equal  to  its  zener  voltage  (Vz)  rating. 

37.  The  Vz  rating  of  a  zener  is  measured  at  a  specific  test  current  value  (I7j). 

38.  Zener  impedance  (Zz)  is  the  diode’s  opposition  to  a  change  in  current. 

39.  The  dc  power  dissipation  rating  of  a  zener  can  be  used  (with  Vz)  to  determine  the 
value  of  IZM. 

40.  The  power  derating  factor  tells  you  how  much  the  power  dissipation  rating  of  a 
component  decreases  with  increases  in  temperature  above  a  specified  value.  (See 
Example  2.14.) 

41.  You  can  substitute  one  zener  diode  for  another  when: 

a.  The  Vz  ratings  of  the  components  are  equal. 

b.  The  F0(max)  rating  of  the  substitute  component  is  equal  to  (or  greater  than)  that 
of  the  original  component. 
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42.  Zener  diode  selector  guides  list  the  components  by  Vz  and  power  dissipation  rat¬ 
ings  (see  Figure  2.34). 

43.  Light-emitting  diodes  (LEDs)  emit  light  when  biased  properly. 

44.  LEDs  typically  have  the  following  ranges  of  values: 

a.  VF=  1.4  to  3.6  V  (rated  at  IF  =  20  mA) 

b.  VBR  =  -3  to  -10  V 

45.  LEDs  have  relatively  low  maximum  forward  current  ratings,  typically  100  mA  or 
less.  As  a  result,  they  require  the  use  of  a  series  current-limiting  resistor.  (The 
required  value  of  a  current-limiting  resistor  is  determined  as  shown  in  Example  2.17.) 

46.  Multicolor  LEDs  emit  one  color  when  forward  biased  and  another  when  reverse 
biased.  When  rapidly  switched  between  polarities,  these  two  colors  combine  to  pro¬ 
duce  a  third  color. 

47.  Most  diode  failures  are  caused  by  excessive  current,  component  age,  or  surpassing 
the  VRRM  rating  of  the  component. 

48.  Many  faulty  diodes  show  visible  signs  of  damage,  such  as  damaged  casings  and/or 
damage  to  surrounding  copper  traces  on  a  PC  board. 

49.  A  /^/-junction  diode  can  be  tested  with  a  DMM  as  shown  in  Figures  2.40  and  2.41. 

a.  When  connected  as  shown  in  Figure  2.40,  the  DMM  is  used  to  measure  the  com¬ 
ponent  resistances.  High  forward  resistance  or  low  reverse  resistance  indicates  a 
faulty  diode. 

b.  When  connected  as  shown  in  Figure  2.41,  the  DMM  performs  a  diode  function 
test.  A  low  voltage  reading  (less  than  1  V)  should  be  displayed  when  the  compo¬ 
nent  is  forward  biased.  A  higher  voltage  reading  (greater  than  2  V)  should  be 
displayed  when  the  component  is  reverse  biased. 

c.  Only  high  resistance  scales  on  an  ohmmeter  should  be  used,  because  the  meter 
output  current  (when  on  a  low  resistance  scale)  may  be  sufficient  to  damage  a 
good  diode. 

50.  The  simplest  test  of  a  zener  diode  is  to  check  the  voltage  across  its  terminals  while 
it  is  in  the  circuit.  If  the  voltage  across  the  component  is  not  at  (or  near)  its  rated 
value,  there  is  a  strong  possibility  that  the  component  is  faulty. 

51.  Faulty  LEDs  show  obvious  signs  of  damage  and  need  no  testing  (see  Figure  2.42). 
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KEY  TERMS 


anode  20 

avalanche  current  30 
average  forward 
current  32 
cathode  20 

complete  diode  model  22 
current-limiting 
resistor  55 
diffusion  current  38 
diode  20 

electrical  characterisdcs  40 
forward  power  dissipation 

(Pd( max))  32 

ideal  diode  model  22 
junction  capacitance  38 
knee  voltage  ( VK )  25 
maximum  ratings  40 


maximum  steady- state 
power  dissipation 
rating  49 

maximum  zener  current 
(Izm)  47 
model  21 

multicolor  LED  56 
nominal  zener  voltage  55 
parameter  30 
peak  repetitive  reverse 
voltage  (VRRM)  40 
peak  reverse  voltage 
(VW  30 

power  derating  factor  49 
practical  diode  model  22 
reverse  breakdown  voltage 
(VBR)  46 


reverse  current  (IR)  23 
reverse  saturation  current 
ds)  36 

reverse  voltage  (Vff)  23 
specification  sheet  31 
static  reverse  current 
(4)  48 

surface-leakage  current 
Qsl)  36 

troubleshooting  22 
voltage  regulator  46 
zener  breakdown  46 
zener  diode  45 
zener  impedence  (Zz)  47 
zener  knee  current  (1ZK)  47 
zener  test  current  ( IZT )  47 
zener  voltage  (Vz)  46 


PRACTICE  PROBLEMS  - 

Section  2.1 

1.  Draw  a  circuit  containing  a  dc  voltage  source,  a  resistor,  and  a  forward-biased  diode. 

2.  Add  an  arrow  to  the  circuit  you  drew  in  Practice  Problem  1  to  indicate  the  direction 
of  diode  current. 

3.  Draw  a  circuit  containing  a  dc  voltage  source,  a  resistor,  and  a  reverse-biased  diode. 

4.  For  each  of  the  circuits  shown  in  Figure  2.44,  determine  the  direction  (if  any)  of 
diode  forward  current. 


FIGURE  2.44 
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5.  For  each  of  the  circuits  shown  in  Figure  2.45,  determine  the  direction  (if  any)  of 
diode  forward  current. 


FIGURE  2.45 
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Section  2.2 

6.  Using  the  ideal  diode  model,  determine  the  voltage  across  each  of  the  diodes  shown 
in  Figure  2.44. 

7.  Using  the  ideal  diode  model,  determine  the  voltage  across  each  of  the  components 
shown  in  Figure  2.45a. 

Section  2.3 

8.  Using  the  practical  diode  model,  determine  the  values  of  VDU  VIU,  and  IT  for  the  cir¬ 
cuit  shown  in  Figure  2.44a. 

9.  Using  the  practical  diode  model,  determine  the  values  of  Vm,  V^,,  and  IT  for  the  cir¬ 
cuit  shown  in  Figure  2.44b. 

10.  Using  the  practical  diode  model,  determine  the  values  of  Vm,  VRi,  VR2,  and  IT  for 
the  circuit  shown  in  Figure  2.44c. 

11.  Determine  the  values  of  Vm,  VRl,  / , ,  VD2,  VR2,  and  12  for  the  circuit  shown  in  Figure 
2.45a.* 

12.  Determine  the  values  of  Vn],  VD2,  VRU  and  IT  for  the  circuit  shown  in  Figure  2.45b. 

13.  Determine  the  values  of  VDl,  VD2,  VK , ,  VR2,  and  IT  for  the  circuit  shown  in  Figure 
2.45c. 

14.  A  voltage  is  calculated  to  be  12.8  V.  The  measured  voltage  is  13.2  V.  What  is  the 
percentage  of  error  in  the  calculation? 

15.  A  current  is  calculated  to  be  750  pA.  The  measured  current  is  880  pA.  Determine 
whether  the  percentage  of  error  in  the  calculation  is  acceptable. 

16.  A  voltage  is  calculated  to  be  144  mV.  The  measured  voltage  is  160  mV.  Determine 
whether  the  percentage  of  error  in  the  calculation  is  acceptable. 

17.  Ignoring  the  presence  of  the  meter,  calculate  the  value  of  Vr2  for  the  circuit  shown  in 
Figure  2.46.  Then,  determine  the  percentage  of  error  between  your  calculated  value 
and  the  meter  reading  shown. 

18.  Ignoring  the  presence  of  the  meter,  calculate  the  value  of  VR2  for  the  circuit  shown  in 
Figure  2.47.  Then,  determine  the  percentage  of  error  between  your  calculated  value 
and  the  meter  reading  shown. 


FIGURE  2.46 


FIGURE  2.47 


Section  2.4 

19.  What  is  the  minimum  required  peak  reverse  voltage  rating  for  the  diode  in  Figure 
2.48a? 

20.  What  is  the  minimum  required  peak  reverse  voltage  rating  for  the  diode  in  Figure 
2.48b?  (Hint:  Don’t  forget  how  to  work  with  voltage  dividers!) 

21.  It  was  stated  in  Section  2.4  that  practical  VRRM  ratings  are  usually  multiples  of  50  or 
100  V.  With  this  in  mind,  what  would  be  the  minimum  acceptable  VRRM  rating  for 
the  diode  in  Figure  2.48c? 


*From  now  on,  the  practical  diode  model  will  be  assumed  unless  indicated  otherwise. 
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22.  What  is  the  minimum  acceptable  average  forward  current  rating  for  the  diode  shown 
in  Figure  2.49? 

23.  What  is  the  minimum  acceptable  average  forward  power  dissipation  rating  for  the 
diode  shown  in  Figure  2.49? 

24.  A  diode  has  a  PWmax)  rating  of  1.2  W.  What  is  the  maximum  allowable  value  of  for¬ 
ward  current  for  the  device? 

25.  A  diode  has  a  P,)(max)  rating  of  750  mW.  What  is  the  limit  on  the  value  of  average 
forward  current  for  the  device? 

Section  2.5 

26.  A  small-signal  diode  (silicon)  has  a  forward  current  of  10  mA  and  a  bulk  resistance 
(. R/s )  of  5  O.  What  is  the  actual  value  of  VF  for  the  device? 

27.  A  small-signal  diode  (silicon)  has  a  forward  current  of  8.2  mA  and  a  bulk  resistance 
(Rn)  of  12  fl.  What  is  the  actual  value  of  VF  for  the  device? 

28.  A  diode  (silicon)  has  a  bulk  resistance  of  20  fl.  At  what  value  of  IF  will  the  value  of 
VF  actually  equal  0.8  V? 

29.  Refer  to  Figure  2.48a.  The  diode  in  the  circuit  has  a  maximum  rated  value  of  IR  = 
10  p,A  at  25°C.  Assuming  that  IK  reaches  its  maximum  value  at  each  negative  peak 
of  the  input  cycle,  what  value  of  voltage  will  be  measured  across  R\  when  IR  peaks? 
(Assume  that  T  =  25°C.) 

Section  2.6 

30.  Refer  to  the  diode  spec  sheet  shown  in  Figure  2.50.  In  terms  of  maximum  reverse 
voltage  ratings,  which  of  the  diodes  listed  could  be  used  in  the  circuit  shown  in 
Figure  2.48a? 

31.  Refer  to  the  spec  sheet  shown  in  Figure  2.50.  What  is  the  maximum  value  of  IR  for 
the  1N5400  at  T  =  150°C? 

32.  Refer  to  the  spec  sheet  shown  in  Figure  2.50.  What  is  the  surge  current  rating  for  the 
1N5400? 

33.  Refer  to  Figure  2.27.  A  circuit  has  an  average  forward  current  of  24.5  A  and  a 
225  Vpk  source.  Which  of  the  diodes  listed  has  the  minimum  acceptable  ratings  for 
use  in  this  circuit? 

34.  Refer  to  Figure  2.27.  A  circuit  has  an  average  forward  current  of  3.6  A  and  a  170  Vpk 
source.  Which  diode  has  the  minimum  acceptable  ratings  for  use  in  this  circuit? 

35.  Refer  to  Figure  2.27.  A  circuit  has  an  average  forward  power  dissipation  (for  the 
diode)  of  2.8  W  and  a  470  Vpk  source.  Which  diode  has  the  minimum  acceptable  rat¬ 
ings  for  use  in  this  circuit? 

Section  2.7 

36.  A  zener  diode  spec  sheet  lists  values  of  IZT  =  20  mA  and  Izt  =  1  mA.  If  the  measured 
change  in  Vz  (at  /3)  is  25  mV,  what  is  the  value  of  zener  impedance  for  the  device? 

37.  Refer  to  Figure  2.51.  In  each  circuit  shown,  determine  whether  the  biasing  voltage 
has  the  correct  polarity  for  normal  zener  operation. 
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38.  For  each  of  the  properly  biased  zener  diodes  shown  in  Figure  2.51,  draw  an  arrow 
indicating  the  direction  of  zener  current. 

Section  2.8 

39.  A  6.8  V  zener  diode  has  a  PD( max,  rating  of  1  W.  What  is  the  value  of  I7M  for  the 
device? 


1 N5400  thru  1 N5408 

1N5404  and  1N5406  are  Preferred  Devices 

Axial-Lead  Standard 
Recovery  Rectifiers 

Lead  mounted  standard  recovery  rectifiers  are  designed  for  use  in 
power  supplies  and  other  applications  having  need  of  a  device  with  the 
following  features: 

•  High  Current  to  Small  Size 

•  High  Surge  Current  Capability 

•  Low  Forward  Voltage  Drop 

•  Void— Free  Economical  Plastic  Package 

•  Available  in  Volume  Quantities 

•  Plastic  Meets  UL  94V-0  for  Flammability 

Mechanical  Characteristics 

•  Case:  Epoxy,  Molded 

•  Weight:  1.1  gram  (approximately) 

•  Finish:  All  External  Surfaces  Corrosion  Resistant  and  Terminal 
Leads  are  Readily  Solderable 

•  Lead  and  Mounting  Surface  Temperature  for  Soldering  Purposes: 
220°C  Max.  for  10  Seconds,  1/16"  from  case 

•  Polarity:  Cathode  Indicated  by  Polarity  Band 

•  Marking:  IN5400,  1N5401,  1N5402,  1N5404,  1N5406,  1N5407, 
IN5408 


MAXIMUM  RATINGS 


ON  Semiconductor™ 

http://onsemi.com 

STANDARD  RECOVERY 
RECTIFIERS 
50-1000  VOLTS 
3.0  AMPERES 


AXIAL  LEAD 
CASE  267-05 
STYLE  1 

MARKING  DIAGRAM 


AL  =  Assembly  Location 

1  N540x  =  Device  Number 
x  =0,  1.2,  4,  6,  7  or  8 

YY  =  Year 

WW  -  Work  Week 


Rating 

Symbol 

1N5400 

1N5401 

1N5402 

1N5404 

1N5406 

1N5407 

1N5408 

Unit 

Peak  Repetitive  Reverse  Voltage 

Working  Peak  Reverse  Voltage 

DC  Blocking  Voltage 

Vrrm 

vRWM 

VR 

50 

100 

200 

400 

600 

800 

1000 

Volts 

Non-repetitive  Peak  Reverse  Voltage 

VRSM 

100 

200 

300 

525 

800 

1000 

1200 

Volts 

Average  Rectified  Forward  Current  l0 

(Single  Phase  Resistive  Load, 

1/2"  Leads,  TL  =  105°C) 

Non-repetitive  Peak  Surge  Current  lFSM 

(Surge  Applied  at  Rated  Load 
Conditions) 

Operating  and  Storage  Junction  Tj 

Temperature  Range  Tslg 

THERMAL  CHARACTERISTICS 

Characteristic 

. .  - — . _ 

Thermal  Resistance,  Junction  to  Ambient  (PC  Board  Mount,  1/2"  Leads) 

ELECTRICAL  CHARACTERISTICS 


200  (one  cycle) 


-65  to +170 
-65  to +175 


ftymboTT 


Forward  Voltage  (lF  =  3.0  Amp,  TA  =  25°C) 

Vf 

- 

- 

1.0 

Volts 

Reverse  Current  (Rated  dc  Voltage) 

<R 

pA 

TA  =  25°C 

_ 

_ 

10 

TA  =  150°C 

- 

- 

100 

Ratings  at  25°C  ambient  temperature  unless  otherwise  specified. 

60  Hz  resistive  or  inductive  loads. 

For  capacitive  load,  derate  current  by  20%. 

FIGURE  2.50  (Copyright  of  Semiconductor  Component  Industries,  LLC.  Used  by 
permission.) 
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FIGURE  2.51 


40.  A  24  V  zener  diode  has  a  fD(n,ax)  rating  of  1 0  W.  What  is  the  value  of  1ZM  for  the 
device? 

41.  A  zener  diode  with  a  Prxm^t  rating  of  5  W  has  a  derating  factor  of  8  mW/°C  above 
50°C.  What  is  the  maximum  allowable  value  of  PD  for  the  device  if  it  is  operating  at 
120°C? 

42.  The  MLL4678  zener  diode  has  a  PD(mM)  rating  of  250  mW  and  a  derating  factor  of 
1.67  mW/°C  above  50°C.  What  is  the  maximum  allowable  value  of  PD  for  the 
device  if  it  is  operating  at  150°C? 

43.  Refer  to  Figure  2.34.  Which  of  the  diodes  could  be  used  in  place  of  a(28  V  zener 
diode  that  has  a  maximum  power  dissipation  of  1 .8  W? 

44.  Refer  to  Figure  2.34.  Which  of  the  diodes  listed  could  be  used  in  place  of  a  6.8  V 
zener  diode  that  has  a  maximum  power  dissipation  of  1 .2  W? 

45.  Refer  to  Figure  2.34.  Which  of  the  diodes  listed  could  be  used  in  place  of  a  12  V 
zener  diode  that  has  a  maximum  operating  current  of  150  mA? 

Section  2.9 

46.  An  LED  has  a  range  of  VF  =  1 .5  to  1 .8  V  and  I,  =  18  mA  (desired).  If  the  LED  is 
driven  by  a  20  Vpk  source,  what  standard  value  of  current-limiting  resistor  is  needed 
to  protect  the  LED? 

47.  An  LED  has  a  range  of  VF  -  1 .6  to  2.0  V  and  IF  =  20  mA  (desired).  Determine  the 
minimum  standard  resistor  value  that  could  be  used  as  a  current-limiting  resistor  if 
the  LED  is  driven  by  a  32  Vpk  source. 


48.  The  following  table  lists  the  results  of  testing  several  diodes.  In  each  case,  determine 
whether  the  diode  is  good,  open,  or  shorted. 


Forward  Resistance 

Reverse  Resistance 

a. 

1200  Mfl 

1200  Mfl 

b. 

15  VI 

3500  MO 

c. 

75  a 

175  Ma 

d. 

30  a 

50  a 

49.  Refer  to  Figure  2.48a.  When  the  output  from  the  source  is  positive,  the  peak  voltage 
across  R]  is  approximately  100  V.  When  the  output  from  the  source  is  negative,  the 


Diodes 


peak  voltage  across  R\  is  approximately  0  V.  Is  the  diode  good,  open,  or  shorted? 
Explain  your  answer. 

50.  Refer  to  Figure  2.48a.  The  voltage  across  R  i  is  always  equal  to  the  peak  source  volt¬ 
age.  Is  the  diode  good,  open,  or  shorted?  Explain  your  answer. 

51.  Refer  to  Figure  2.48a.  The  voltage  across  Ri  is  0  V,  regardless  of  the  value  of  the 
source  voltage.  Is  the  diode  good,  open,  or  shorted?  Explain  your  answer. 


52.  Calculate  the  total  current  for  the  circuit  shown  in  Figure  2.52. 

53.  Calculate  the  power  being  dissipated  by  the  zener  diode  shown  in  Figure  2.53. 

54.  Explain  how  you  could  measure  the  value  of  R  in  Figure  2.54  without  disconnecting 
the  diode. 


5.1  V 


D, 

12  V 


FIGURE  2.52 


FIGURE  2.53 


A 

9 


B 


FIGURE  2.54 


55.  The  spec  sheet  for  the  1N4737A  zener  diode  is  shown  in  Figure  2.55.  What  is  the 
value  of  IZM  for  the  device  when  it  is  operated  at  150°C? 

56.  The  1N4738A  zener  diode  cannot  be  used  in  the  circuit  shown  in  Figure  2.56.  Why 
not?  (Note:  The  temperature  range  shown  is  the  normal  operating  temperature  for 
the  circuit.) 


57.  Write  a  program  to  determine  the  total  voltage  drop  across  a  forward-biased 
/?« -junction  diode.  The  program  must  take  into  account  the  type  of  semiconductor 
material  used  and  the  values  of  Vk,  IF,  and  RB. 

58.  Write  a  program  to  determine  the  total  voltage  drop  across  a  zener  diode  when  Vz, 
Zz,  and  Iz  are  known. 

59.  Write  a  program  that  will  determine  whether  a  given  pn-junction  diode  is  good, 
open,  or  shorted  when  provided  with  forward  and  reverse  resistance  readings. 

60.  Write  a  program  that  will  determine  the  value  of  IZM  at  specified  values  of  Vz, 
Pd( max)’  power  derating  factor,  and  temperature. 


2.1  The  diode  acts  as  an  open,  and  an  open  drops  the  full  applied  voltage.  Therefore, 

V*1  =  V*2  =  0V. 

2.2  Using  the  ideal  diode  model,  1T  =  15  mA. 

2.3  14.3  V 

2.4  IT  =  8.43  mA. 

2.5  IT  =  2.36  mA. 

2.6  IT  =  5.75  mA. 

2.7  ^(ideal)  =  7.5  mA;  %  of  error  =  30.4%. 
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1 N4728A  -  1 N4764A  Series 


1  Watt  DO-41  Hermetically 
Sealed  Glass  Zener  Voltage 
Regulator  Diodes 

This  is  a  complete  series  of  1  Watt  Zener  diode  with  limits  and 
excellent  operating  characteristics  that  reflect  the  superior  capabilities 
of  silicon-oxide  passivated  junctions.  All  this  in  an  axial-lead 
hermetically  sealed  glass  package  that  offers  protection  in  all  common 
environmental  conditions. 

Specification  Features: 

•  Zener  Voltage  Range  —  3.3  V  to  91  V 

•  ESD  Rating  of  Class  3  (>16  KV)  per  Human  Body  Model 

•  DO-41  (DO-204 AL)  Package 

•  Double  Slug  Type  Construction 

•  Metallurgical  Bonded  Construction 

•  Oxide  Passivated  Die 

Mechanical  Characteristics: 

CASE:  Double  slug  type,  hermetically  sealed  glass 

FINISH:  All  external  surfaces  are  corrosion  resistant  and  leads  are 

readily  solderable 

MAXIMUM  LEAD  TEMPERATURE  FOR  SOLDERING  PURPOSES: 

230°C,  1/16"  from  the  case  for  10  seconds 
POLARITY:  Cathode  indicated  by  polarity  band 

MOUNTING  POSITION:  Any 


ON  Semiconductor™ 

http://onsemi.com 


L  =  Assembly  Location 

1N47xxA=  Device  Code 
Y  =  Year 
WW  ■  =  Work  Week 


MAXIMUM  RATINGS 


Rating 

Symbol 

Value 

Unit 

Max.  Steady  State  Power  Dissipation 

Pd 

1.0 

Watt 

@  Tl  S  SCPC.  Lead  Length  =  3/8" 

Derated  above  50°C 

6.67 

mW/°C 

Operating  and  Storage 

Tj,  T$tg 

-  65  to 

°C 

Temperature  Range 

+200 

Anode 


Cathode 


CO 


Figure  1 .  Power  Temperature  Derating  Curve 

(a) 

FIGURE  2.55  (Copyright  of  Semiconductor  Component  Industries,  LLC.  Used  by 
permission.) 
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ELECTRICAL  CHARACTERISTICS  (TA  =  25°C  unless  otherwise  noted,  VF  =  1 .2  V  Max,  lF  =  200  mA  for  all  types) 


JEDEC 

Zener  Voltage  &■){*<) 

1 .  Zener  Impedance  U 

Leakage  Current 

lr<«> 

Vz  (Volts) 

@*ZT 

Zzr@*zr 

ZzkSHzk 

Ir®Vr 

j  CJevIe©  | : 

Min 

mm 

Max 

(mA) 

H 

(a) 

(mA) 

(uA  Max) 

(Volts) 

1mA) 

1N4728A 

3.14 

3.3 

3.47 

76 

10 

400 

1 

100 

1 

1380 

1N4729A 

3.42 

3.6 

3.78 

69 

10 

400 

1 

100 

1 

1260 

1N4730A 

3.71 

3.9 

4.10 

64 

9 

400 

1 

50 

1 

1190 

1N4731A 

4.09 

4.3 

4.52 

58 

9 

400 

1 

10 

1 

1070 

1N4732A 

4.47 

4.7 

4.94 

53 

8 

500 

1 

10 

1 

970 

1N4733A 

4.85 

5.1 

5.36 

49 

7 

550 

1 

10 

1 

890 

1N4734A 

5.32 

5.6 

5.88 

45 

5 

600 

1 

10 

2 

810 

1N4735A 

5.89 

6.2 

6.51 

41 

2 

700 

1 

10 

3 

730 

1N4736A 

6.46 

6.8 

7.14 

37 

3.5 

700 

1 

10 

4 

660 

1N4737A 

7.13 

7.5 

7.88 

34 

4 

700 

0.5 

10 

5 

605 

1N4738A 

7.79 

8.2 

8.61 

31 

4.5 

700 

0.5 

10 

6 

550 

1N4739A 

8.65 

9.1 

9.56 

28 

5 

700 

0.5 

10 

1 

500 

1N4740A 

9.50 

10 

10.50 

25 

7 

700 

0.25 

10 

7.6 

454 

1N4741A 

10.45 

11 

11.55 

23 

8 

700 

0.25 

5 

8.4 

414 

1N4742A 

11.40 

12 

12.60 

21 

9 

700 

0.25 

5 

9.1 

380 

TOLERANCE  AND  TYPE  NUMBER  DESIGNATION 

2.  The  JEDEC  type  numbers  listed  have  a  standard  tolerance  on  the  nominal  zener  voltage  of  ±5%. 

SPECIALS  AVAILABLE  INCLUDE: 

3.  Nominal  zener  voltages  between  the  voltages  shown  and  tighter  voltage  tolerances.  For  detailed  information  on  price,  availability,  and 
delivery,  contact  your  nearest  ON  Semiconductor  representative. 

ZENER  VOLTAGE  (Vz)  MEASUREMENT 

4.  ON  Semiconductor  guarantees  the  zener  voltage  when  measured  at  90  seconds  while  maintaining  the  lead  temperature  (TL)  at  30°C 
±  1  °C,  3/8"  from  the  diode  body. 

ZENER  IMPEDANCE  (Zz)  DERIVATION 

5.  The  zener  impedance  is  derived  from  the  60  cycle  ac  voltage,  which  results  when  an  ac  current  having  an  rms  value  equal  to  10%  of  the 
dc  zener  current  (Izy  or  lz«)  is  superimposed  on  l^r  or  lZK. 

SURGE  CURRENT  (lR)  NON-REPETITIVE 

6.  The  rating  listed  in  the  electrical  characteristics  table  is  maximum  peak,  non-repetitive,  reverse  surge  current  of  1/2  square  wave  or  equiv¬ 
alent  sine  wave  pulse  of  1/120  second  duration  superimposed  on  the  test  current,  lzx,  per  JEDEC  registration;  however,  actual  device 
capability  is  as  described  in  Figure  5  of  the  General  Data  —  DO-41  Glass. 

(b) 


ELECTRICAL  CHARACTERISTICS  (Ta  =  25°C  unless  otherwise  noted,  VF  =  1 .2  V  Max,  lF  =  200  mA  for  all  types)  (continued) 

r - - - 1 - r - — - 1 — — - —  ■■■■.. - 1 - - - r— - 


■pnn 

Zener  Voltage 

feljlll 

Zener  Impedance  I5  ) 

Leakage  Current 

JEDEC 

vz  (Volts) 

®<ZT 

*ZT@%T 

Zzk@Izk 

lR@V„ 

ir(«j 

Smte»<2> 

Min 

|J.m 

worn 

Max 

(mA) 

W 

(O) 

(mA)  i 

(uA  Max) 

(Volts) 

(mA) 

1N4743A 

12.4 

13 

13.7 

19 

10 

700 

0.25 

5 

9.9 

344 

1N4744A 

14.3 

15 

15.8 

17 

14 

700 

0.25 

5 

11.4 

304 

1N4745A 

15.2 

16 

16.8 

15.5 

16 

700 

0.25 

5 

12.2 

285 

1N4746A 

17.1 

18 

18.9 

14 

20 

750 

0.25 

5 

13.7 

250 

1N4747A 

19.0 

20 

21.0 

12.5 

22 

750 

0.25 

5 

15.2 

225 

1N4748A 

20.9 

22 

23.1 

11.5 

23 

750 

0.25 

5 

16.7 

205 

1N4749A 

22.8 

24 

25.2 

10.5 

25 

750 

0.25 

5 

18.2 

190 

1N4750A 

25.7 

27 

28.4 

9.5 

35 

750 

0.25 

5 

20.6 

170 

1N4751A 

28.5 

30 

31.5 

8.5 

40 

1000 

0.25 

5 

22.8 

150 

1N4752A 

31.4 

33 

34.7 

7.5 

45 

1000 

0.25 

5 

25.1 

135 

1N4753A 

34.2 

36 

37.8 

7 

50 

1000 

0.25 

5 

27.4 

125 

1N4754A 

37.1 

39 

41.0 

6.5 

60 

1000 

0.25 

5 

29.7 

115 

1N4755A 

40.9 

43 

45.2 

6 

70 

1500 

0.25 

5 

32.7 

110 

1N4756A 

44.7 

47 

49.4 

5.5 

80 

1500 

0.25 

5 

35.8 

95 

1N4757A 

48.5 

51 

53.6 

5 

95 

1500 

0.25 

5 

38.8 

90 

1N4758A 

53.2 

56 

58.8 

4.5 

110 

2000 

0.25 

5 

42.6 

80 

1N4759A 

58.9 

62 

65.1 

4 

125 

2000 

0.25 

5 

47.1 

70 

1N4760A 

64.6 

68 

71.4 

3.7 

150 

2000 

0.25 

5 

51.7 

65 

1N4761A 

71.3 

75 

78.8 

3.3 

175 

2000 

0.25 

5 

56 

60 

1N4762A 

77.9 

82 

86.1 

3 

200 

3000 

0.25 

5 

62.2 

55 

1N4763A 

86.5 

91 

95.6 

2.8 

250 

3000 

0.25 

5 

69.2 

50 

(c) 


FIGURE  2.55 


(continued) 


FIGURE  2.56 


I 

I 


Ri 

910  ft 


A/W 


\/z=  8.2  V 
T  =  25°  to  1 50°C 


2.8  Any  diode  with  VRRM  >  210  V.  Therefore,  you  could  use  any  diode  from  1N4004- 
1N4007. 

2.9  The  value  of  IT for  the  circuit  is  1 .95  A.  The  rating  for  the  diode  would  have  to  be 
20%  greater  than  this  value,  or  2.34  A. 

2.10  PD(min)  =  198.7  mW  X  1.20  =  238.4  mW 

2.11  PD  =  (750  mA)(0.7  V)  =  525  mW.  This  exceeds  the  500  mW  limit. 

2.12  0.796  V  (or  796  mV) 

2.13  Izm  =  37  mA 

2.14  PD  (at  125°C)  =  300  mW 

2.15  The  1N5374A 

2.16  PD  for  the  device  is  1.19  W.  Therefore,  any  diode  in  the  6.8  V  row  with  a  PD  of 
1.5  W  or  higher  could  be  used.  (The  1N5921A  or  1N5342A  could  be  used.) 

2.17  Rs  =  1.5  kf  l  minimum  standard  value;  the  calculated  value  is  1313  Cl. 


72 


Chapter  2  Diodes 


chapter 


Common  Diode 
Applications 

Basic  Power  Supply  Circuits 


Objectives 

After  studying  the  material  in  this  chapter,  you  should  be  able  to: 

1.  Briefly  describe  the  purpose  served  by  a  power  supply  and  the  function  of  each  circuit 
it  contains. 

2.  Calculate  the  peak  and  dc  (average)  load  voltage  and  current  values  for  a  positive  half¬ 
wave  rectifier. 

3.  Describe  the  operation  of  the  full- wave  rectifier. 

4.  Calculate  the  values  of  peak  and  dc  (average)  load  voltage  and  current  for  any  full-wave 
rectifier. 

5.  Describe  the  operation  of  the  bridge  rectifier. 

6.  Calculate  the  peak  and  dc  (average)  load  voltage  and  current  values  for  a  bridge 
rectifier. 

7 .  Discuss  the  effects  that  filtering  has  on  the  output  of  a  rectifier. 

8.  Describe  the  operation  of  the  basic  capacitive  filter. 

9.  Discuss  the  reason  why  full-wave  rectifiers  are  preferred  over  half-wave  rectifiers. 

10.  Calculate  the  values  of  Iz,  IL,  and  IT  for  a  zener  voltage  regulator,  given  the  required 
circuit  values  and  diode  ratings. 

11.  Calculate  the  values  of  Vdc,  IL,  and  Vr(out)  for  a  basic  power  supply. 

12.  List  the  faults  that  commonly  occur  in  a  basic  power  supply  and  the  symptoms  of  each. 
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Outline 

3.1  Transformers 

3.2  Half-Wave  Rectifiers 

3.3  Full- Wave  Rectifiers 

3.4  Full- Wave  Bridge  Rectifiers 

3.5  Working  with  Rectifiers 

3.6  Filters 

3 . 7  Zener  Voltage  Regulators 

3.8  Putting  It  All  Together 

3.9  Power  Supply  Troubleshooting 
Chapter  Summary 


Th  e_  Role  _of  _Po wer_ Suj>_p Ues  j[n_  Se m ico n d_ucto_r 


Power  supplies  are  the  most  commonly  used  circuits  in 
electronics.  Virtually  every  electronic  system  requires  the 
use  of  a  power  supply  to  convert  an  ac  line  voltage  to  the  dc 
voltages  needed  for  the  system's  internal  operation. 

In  addition  to  being  the  most  commonly  used  type  of  cir¬ 
cuit,  the  power  supply  also  played  a  major  role  in  the  develop¬ 
ment  of  today's  electronic  devices.  Early  power  supplies  used 
vacuum  tubes  to  rectify  ac;  that  is,  to  convert  ac  to  pulsating 
dc.  These  vacuum  tubes  wasted  a  tremendous  amount  of  power. 

Early  semiconductor  research  centered  on  the  use  of  ger¬ 
manium,  a  semiconductor  material  that  cannot  withstand  any 


Development _ _ 

significant  amount  of  current  and  heat.  With  the  develop¬ 
ment  of  the  commercial  pn-junction  diode  in  1954, 
researchers  turned  to  the  problem  of  developing  rectifier 
diodes,  that  is,  diodes  that  could  withstand  large  current  val¬ 
ues  and  the  heat  produced  by  those  currents. 

In  1955,  silicon  pn-junction  rectifier  diodes  had  been 
developed  that  could  handle  current  values  up  to  2  A.  From 
that  point  on,  research  centered  on  the  use  of  silicon  rather 
than  germanium.  Even  now,  silicon  is  used  for  most  semicon¬ 
ductor  applications.  Germanium  is  rarely  used  in  the  produc¬ 
tion  of  semiconductor  devices. 


OBJECTIVE  1  ► 
Power  supply 

A  group  of  circuits  used  to 
convert  ac  to  dc. _ 


Rectifier 

A  circuit  that  converts  ac  to 
pulsating  dc. 

Filter 

A  circuit  that  reduces  the 
variations  in  the  output  of  a 
rectifier. 

Voltage  regulator 

A  circuit  designed  to  maintain  a 
constant  power  supply  output 
voltage. 


It  would  take  several  volumes  to  discuss  every  diode  application  in  modem  electronics.  In 
this  chapter,  we  will  focus  on  the  various  roles  that  diodes  play  in  the  operation  of  basic 
power  supply  circuits.  In  Chapter  4,  we  will  look  at  several  additional  diode  applications. 

The  power  supply  of  an  electronic  system  is  a  group  of  circuits  that  convert  the  ac 
energy  provided  by  the  wall  outlet  to  dc  energy.  The  power  cord  of  an  electronic  system 
provides  the  input  to  the  power  supply,  which  then  provides  all  the  internal  dc  voltages 
needed  for  proper  circuit  operation. 

There  are  two  basic  types  of  power  supplies.  The  linear  power  supply  is  the  original 
and  simpler  of  the  two,  and  it  is  the  focus  of  this  chapter.  The  switching  power  supply  is  a 
newer  and  more  complex  circuit  that  is  used  in  a  wide  variety  of  electronic  systems. 
Switching  supplies  are  covered  in  Chapter  21. 

A  basic  linear  power  supply  can  be  broken  down  into  three  circuit  groups,  as  shown  in 
Figure  3.1a.  The  ac  input  is  applied  to  a  rectifier.  A  rectifier  is  a  diode  circuit  that  con¬ 
verts  the  ac  to  what  is  called  pulsating  dc.  This  pulsating  dc  is  then  applied  to  a.  filter.  The 
filter  is  a  circuit  that  reduces  the  variations  in  the  output  from  the  rectifier.  The  final  stage 
of  the  power  supply  is  the  voltage  regulator.  The  voltage  regulator  is  designed  to  main¬ 
tain  a  constant  power  supply  output  voltage. 

At  one  time,  voltage  regulators  were  designed  using  zener  diodes  as  the  regulating  ele¬ 
ment.  However,  the  development  of  IC  (integrated-circuit)  voltage  regulators  led  to  the 
replacement  of  zener  diodes  as  regulating  elements.  IC  voltage  regulators  are  far  more 
efficient  than  zener  diodes,  so  power  supply  design  emphasizes  their  use.  At  the  same 
time,  zener  regulators  are  easier  to  understand  and  serve  as  valuable  educational  circuits. 
We  will  therefore  concentrate  on  a  zener  regulator  in  this  chapter.  IC  voltage  regulators 
are  covered  in  detail  in  Chapter  21. 
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Basic  power  supply  block  diagram  and  waveforms 
(a) 


dc  power  supply 


ac  input  c 


Transformer 


Rectifier 
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Basic  power  supply  with  a  transformer  input 


(b) 

FIGURE  3.1  Basic  power  supply  block  diagram  and  waveforms. 


In  many  cases,  a  transformer  is  used  to  connect  the  power  supply  to  the  ac  line 
input,  as  shown  in  Figure  3.1b.  In  this  circuit,  the  ac  line  input  is  applied  to  the  trans¬ 
former,  which  may  be  a  step-up,  step-down,  or  isolation  transformer,  depending  on  the 
needs  of  the  power  supply.  Because  they  are  commonly  used  in  conjunction  with  power 
supply  circuits,  we  will  begin  our  discussion  by  reviewing  some  basic  transformer 
principles. 


Transformers 


Transformers  are  not  considered  to  be  solid-state  devices,  but  they  do  play  an  integral  role 
in  the  operation  of  most  power  supplies.  The  basic  schematic  symbol  for  the  transformer 
is  shown  in  Figure  3.2.  The  component  consists  of  two  windings,  called  the  primary  and 
the  secondary.  The  input  to  the  transformer  is  applied  to  the  primary,  and  the  output  is 
taken  from  the  secondary. 

Transformers  are  made  up  of  inductors  that  are  in  close  proximity  to  each  other,  yet 
are  not  electrically  connected.  An  alternating  voltage  applied  to  the  primary  induces  an 
alternating  voltage  in  the  secondary.  At  the  same  time,  the  primary  and  secondary  are 
electrically  isolated,  so  no  actual  current  is  transferred  between  the  two  circuits.  There¬ 
fore,  a  transformer  provides  ac  coupling  from  primary  to  secondary  while  providing 
physical  isolation  between  the  two  circuits. 

There  are  three  types  of  transformers:  step-up,  step-down,  and  isolation.  These  compo¬ 
nents  are  described  as  follows: 


o- 

Primary 
(input) 

o- 

FIGURE  3.2  Transformer 
symbol. 


Secondary 

(output) 


1.  The  step-up  transformer  provides  a  secondary  voltage  that  is  greater  than  the  pri¬ 
mary  voltage.  For  example,  a  step-up  transformer  may  provide  a  240  Vac  output 
with  a  120  Vac  input. 

2.  The  step-down  transformer  provides  a  secondary  voltage  that  is  less  than  the  pri¬ 
mary  voltage.  For  example,  a  step-down  transformer  may  provide  a  30  Vac  output 
with  a  120  Vac  input. 

3.  An  isolation  transformer  provides  an  output  voltage  that  is  equal  to  the  input  volt¬ 
age.  This  type  of  transformer  is  used  to  isolate  the  power  supply  electrically  from 
the  ac  power  line,  which  helps  to  protect  the  power  supply  (and  the  technician  who 
is  working  on  it)  from  the  line  voltage. 
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The  transformers  described  here  are  represented  in  Figure  3.3.  As  you  can  see,  each  sym¬ 
bol  contains  a  ratio  that  is  printed  just  above  the  transformer  symbol.  This  ratio  is  known 
as  the  turns  ratio  of  the  component. 


1:2  4:1  1:1 


Step-up  Step-down  Isolation 

(a)  (b)  (c) 

FIGURE  3.3 


The  turns  ratio  of  a  transformer  is  the  ratio  of  the  number  of  turns  in  the  primary  to  the 
number  of  turns  in  the  secondary.  For  example,  the  step-down  transformer  shown  in 
Figure  3.3b  is  shown  to  have  a  turns  ratio  of  4:1,  which  means  that  there  are  four  turns  in 
the  primary  for  each  turn  in  the  secondary. 

The  turns  ratio  of  a  transformer  is  equal  to  the  voltage  ratio  of  the  component.  By  formula, 


A h=Xi 

Np  VF 


(3.1) 


where  Ns  =  the  number  of  turns  in  the  secondary 
NP  =  the  number  of  turns  in  the  primary 
Vs  =  the  secondary  voltage 
VP  =  the  primary  voltage 

Thus,  the  primary  voltage  of  the  step-down  transformer  shown  in  Figure  3.3b  is  four 
times  as  great  as  the  secondary  voltage. 


3.1.1  Calculating  Secondary  Voltage 

When  the  turns  ratio  and  primary  voltage  of  a  transformer  are  known,  the  secondary  volt¬ 
age  can  be  found  as 


(3.2) 


For  example,  let’s  say  that  the  step-down  transformer  shown  in  Figure  3.3b  has  a  120  V. 
input.  The  secondary  voltage  for  the  component  would  be  found  as 


As  you  can  see,  the  primary  voltage  (120  Vac)  is  four  times  the  secondary  voltage  (30  Vac). 


3.1.2  Calculating  Secondary  Current 

Ideally,  transformers  are  100%  efficient.  This  means  that  the  ideal  transformer  transfers 
100%  of  its  input  power  to  the  secondary.  By  formula, 

P >s  =  Pp 

Since  power  equals  the  product  of  voltage  and  current, 

VSIS  =  VplP 
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and 


k  =  Yi 

Is  VP 


(3.3) 


As  you  can  see,  the  current  ratio  is  the  inverse  of  the  voltage  ratio.  This  means  that 

1.  For  a  step-down  transformer,  Is  >  IP. 

2.  For  a  step-up  transformer,  Is  <  IP. 

In  other  words,  current  varies  (from  primary  to  secondary)  in  the  opposite  way  that  volt¬ 
age  varies.  If  voltage  increases,  current  decreases,  and  vice  versa. 

Since  the  voltage  ratio  of  a  transformer  is  equal  to  its  turns  ratio,  equation  (3.3)  can  be 
rewritten  as 


b  =  Ns 
Is  NP 


or 


(3.4) 


The  following  example  demonstrates  a  practical  application  of  this  relationship. 


EXAMPLE  3.1 


The  fuse  shown  in  Figure  3.4  is  used  to  limit  the  current  in  the  primary  of  the  trans¬ 
former.  Assuming  that  the  fuse  limits  the  value  of  IP  to  1  A,  what  is  the  limit  on  the 
value  of  the  secondary  current? 

Solution:  The  maximum  secondary  current  is  found  using  the  limit  on  IP  and  the 
turns  ratio  of  the  transformer  as  follows: 


h  =  ~IP  =  ~d  A)  =  250  mA 
Ns  4 


Fi 
1  A 


If  the  secondary  current  tries  to  exceed  the  250  mA  limit,  the  primary  current  will 
exceed  its  limit  and  blow  the  fuse. 

Practice  Problem  3.1 

A  circuit  like  the  one  shown  in  Figure  3.4  has  a  turns  ratio  of  1:12  and  a  fuse  that 
limits  the  primary  current  to  250  mA.  Calculate  the  maximum  allowable  value  of  Is. 


The  current  relationships  developed  here  have  been  based  on  the  idea  that  a  trans¬ 
former  is  100%  efficient.  In  reality,  there  are  a  number  of  losses  within  a  transformer  that 
cause  the  secondary  power  to  be  somewhat  lower  than  the  primary  power.  However,  the 
difference  between  primary  power  and  secondary  power  is  small  enough  to  have  little 
effect  on  the  relationships  covered  in  this  section. 

3.1.3  Transformer  Ratings 

Some  manufacturers’  catalogs  rate  transformers  by  turns  ratios,  while  others  list  them  by 
secondary  voltage  ratings.  For  example,  a  transformer  may  be  listed  as  a  40  Vac  trans¬ 
former.  When  this  rating  is  used,  it  indicates  the  ac  secondary  voltage  produced  by  a 
120  Vac  input  to  the  primary.  In  other  words,  it  gives  you  the  rms  output  from  the  trans¬ 
former  when  it  is  supplied  by  a  standard  120  Vac  line  input.  Throughout  this  chapter,  we 
will  use  both  of  these  methods  of  rating  transformers. 
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Section  Review  ►  1.  What  are  the  names  of  the  transformer  input  and  output  circuits? 

2.  List  and  describe  the  three  types  of  transformers. 

3.  What  is  the  turns  ratio  of  a  transformer? 

4.  Describe  the  relationship  between  the  turns  ratio  of  a  transformer  and  its  input  and 
output  voltages. 

5.  Describe  the  relationship  between  the  transformer  primary  and  secondary  power. 

6.  Describe  the  relationship  between  the  voltage  ratio  of  a  transformer  and  its  current 
ratio. 

7.  Describe  the  two  means  by  which  transformers  are  normally  listed  in  parts  catalogs. 


3.2  Half-Wave  Rectifiers 


There  are  three  basic  types  of  rectifier  circuits:  the  half-wave,  full-wave,  and  bridge  recti¬ 
fiers.  Of  the  three,  the  bridge  rectifier  is  the  most  commonly  used,  followed  by  the  full- 
wave  rectifier.  Our  discussion  on  rectifiers  begins  with  the  half-wave  rectifier  simply 
because  it  is  the  easiest  to  understand. 

The  half-wave  rectifier  is  simply  a  diode  that  is  connected  in  series  between  a  trans¬ 
former  (or  ac  line  input)  and  its  load.  A  half-wave  rectifier  with  a  resistive  load  ( RL )  is 
shown  in  Figure  3.5.  The  diode  is  used  to  eliminate  either  the  negative  alternation  of  the 
input  or  the  positive  alternation  of  the  input.  As  you  will  see,  the  diode  direction  deter¬ 
mines  which  half-cycle  is  eliminated. 


Half-wave  rectifier 


Because  the  half-wave  rectifier  configuration  requires  the  least  number  of  parts,  it  is 
the  cheapest  to  produce.  However,  it  is  the  least  efficient  of  the  three  types  of  rectifiers. 
As  a  result,  it  is  normally  used  for  noncritical,  low-current  applications. 

3.2.1  Basic  Circuit  Operation 

The  negative  half-cycle  of  the  input  to  the  rectifier  shown  in  Figure  3.5  is  eliminated  by  the 
one-way  conduction  of  the  diode.  Figure  3.6  details  the  operation  of  the  circuit  for  one  com¬ 
plete  cycle  of  the  input  signal.  During  the  positive  half-cycle  of  the  input,  Dx  is  forward 
biased  and  provides  a  path  for  current.  This  allows  a  voltage  {VLj  to  be  developed  across  RL 
that  is  approximately  equal  to  the  voltage  across  the  secondary  of  the  transformer  (V5). 
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When  the  polarity  of  the  input  signal  reverses,  D,  is  reverse  biased,  preventing  conduc¬ 
tion  in  the  circuit.  With  no  current  through  RL,  no  voltage  is  developed  across  the  load.  In 
this  case,  the  output  voltage  remains  at  approximately  0  V,  and  the  voltage  across  the 
diode  (VD)  is  approximately  equal  to  Vs. 

If  all  this  seems  confusing,  remember  the  ideal  diode  model.  This  diode  model  was 
shown  in  Chapter  2  to  represent  the  component  as  either  an  open  (reverse-biased)  or 
closed  (forward-biased)  switch.  When  forward  biased,  this  ideal  switch  drops  no  voltage. 
When  reverse  biased,  this  ideal  switch  drops  all  the  applied  voltage. 

Ideally,  the  diode  in  Figure  3.6a  can  be  viewed  as  a  closed  switch.  Therefore, 

VL  =  Vj  (forward  operation)  (3.5) 


This  is  because  no  voltage  is  dropped  across  a  closed  switch.  By  the  same  token,  if  we 
view  the  diode  in  Figure  3.6b  as  an  open  switch,  we  see  that 

V/n  =  Vs  (reverse  operation)  (3.6) 

This  is  because  an  open  switch  drops  all  the  applied  voltage.  This  would  leave  no  voltage 
to  be  dropped  across  RL.  and  VL  would  equal  0  V,  as  shown  in  the  figure.  The  ideal  circuit 
operating  characteristics  are  summarized  as  follows: 

Diode  Condition  VDI  (ideal)  VL  (ideal) 

Forward  biased  0  V  Equal  to  Vs 

Reverse  biased  Equal  to  Vs  0  V 

Using  these  relationships,  it  is  easy  to  understand  the  input/output  waveforms  shown  in 
Figure  3.7.  During  tj,  the  diode  is  forward  biased,  and  the  output  ( V))  is  approximately 
equal  to  the  input  ( Vs).  During  t2,  the  diode  is  reverse  biased,  and  the  output  drops  to  0  V. 
This  is  how  half-wave  rectifiers  work. 


FIGURE  3.7  Ideal  input  and  output  waveforms. 


3.2.2  Negative  Half-Wave  Rectifiers 

Figure  3.8  shows  a  negative  half-wave  rectifier.  If  you  compare  this  circuit  with  the  one 
shown  in  Figure  3.6,  you’ll  see  that  the  only  physical  difference  between  the  circuits  is 
the  orientation  of  the  diode. 

During  the  positive  half-cycle  of  the  input,  D,  is  reverse  biased  (as  shown  in  Figure 
3.8a),  and  equation  (3.6)  applies.  In  this  case,  it  is  the  positive  half-cycle  of  the  input  that 
is  blocked  by  the  diode.  During  the  negative  half-cycle  of  the  input,  D,  is  forward  biased 
(as  shown  in  Figure  3.8b),  and  equation  (3.5)  applies.  Note  the  direction  of  the  secondary 
current  and  the  polarity  of  the  load  voltage. 


Lab  Reference:  These  waveforms 
are  observed  in  Exercise  3. 
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Lab  Reference:  The  effects  of 
diode  direction  are  demonstrated  in 
Exercise  3.  _ 


(C) 


FIGURE  3.8  Negative  half-wave  rectifier. 


As  you  can  see,  the  direction  of  the  diode  determines  whether  the  output  from  the  rectifier 
is  positive  or  negative.  For  circuit  recognition,  the  following  statements  generally  hold  true: 

1.  When  the  diode  points  toward  the  load  (RL),  the  output  from  the  rectifier  will  be 
positive. 

2.  When  the  diode  points  toward  the  source,  the  output  from  the  rectifier  will  be  negative. 

These  two  statements  also  hold  true  for  the  full-wave  rectifier.  The  points  made  so  far 
about  half-wave  rectifiers  are  summarized  in  Figure  3.9. 


Half-Wave  Rectifiers 


Rectifier  type: 


Schematic 

diagram: 


Positive  half-wave 


Negative  half-wave 


Circuit 

recognition; 

When  the  diode 
Conducts: 


Resulting  output 
waveform- 


The  diode  points  toward 
the  load  (RL). 

During  the  positive  half-cycle 
of  the  input  (l/s)  .  ■ 


AlA.  A  .A 


ov 


The  diode  points  toward 
the  source. 

During  the  negative  half-cycle 
of  the  input  (Vs). 


\rxr\i 


ov 


FIGURE  3.9 


80 


Chapter  3 


Common  Diode  Applications 


3.2.3  Calculating  Load  Voltage  and  Load  Current 

In  our  discussion  of  the  ideal  half-wave  rectifier,  we  ignored  the  value  of  VF  for  the  ◄  OBJECTIVE  2 
diode.  When  we  take  this  value  into  account,  the  peak  load  voltage,  VL(pk),  is  found  as 

I'toAi  =  V'ii!*,  _  Vf  (3.7) 


You  shouldn’t  have  any  difficulty  with  this  equation.  It  is  simply  a  variation  on  equation 
(2.1).  Vs(pk)  is  the  peak  secondary  voltage  of  the  transformer  and  is  found  as 


Ns, 

NP 


Vsm  =  -Viw 


(3.8) 


Ns 

where  —  =  the  ratio  of  transformer  secondary  turns  to  primary  turns 
Np 


VP(  pk) 


=  the  peak  transformer  primary  voltage 


A  word  of  caution-.  Equation  (3.8)  assumes  that  the  input  to  the  transformer  is  given  as 
a  peak  value.  More  often  than  not,  source  voltages  are  given  as  rms  values.  When  this  is 
the  case,  the  source  voltage  can  be  converted  to  a  peak  value  as  follows: 


v 

v  rms 

0.707 


(3.9) 


Example  3.2  illustrates  the  procedure  for  calculating  the  peak  output  voltage  from  a  posi¬ 
tive  half-wave  rectifier. 


EXAMPLE  3.2 _ 

Determine  the  peak  load  voltage  for  the  circuit  shown  in  Figure  3.10. 


Ft 


FIGURE  3.10 


Figure  3.10  contains  the 
symbol  for  an  ac  plug  (in  the 
transformer  primary). 
Whenever  this  symbol  is  used, 
I  we.wfll'assuine  that  the 


Solution:  First,  the  ac  input  to  the  transformer  is  converted  to  a  peak  value  as 
follows: 

Ir  Vf-ttos)  120  V 
F/>(pk,~  0707  ~  0707  “  169,7  V 

Now,  the  voltage  values  in  the  secondary  circuit  are  found  as 

Es,pk)  -  ^VP< Pk)  =  |  (169.7  V)  =  33.94  V 
and 


=  VS(pk)  ~  V, =  33.94  V  -  0.7  V  =  33.24  V 
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Practice  Problem  3.2 

A  half-wave  rectifier  has  values  of  NP  =  10,  Ns  =  1,  and  VP(pk)  =  180  V.  What  is 
the  peak  load  voltage  for  the  circuit? 


Here  is  another  practical  situation:  Most  transformers  are  rated  for  a  specific  rms  output 
voltage.  For  example,  a  25  Vac  transformer  would  have  an  rms  output  of  25  V  when  supplied 
from  a  120  V  wall  outlet.  When  a  transformer  has  an  output  voltage  rating,  simply  divide  the 
rated  output  voltage  by  0.707  to  obtain  the  value  of  V^pk),  as  shown  in  Example  3.3. 

EXAMPLE  3.3 _ _ _ 

Determine  the  peak  load  voltage  for  the  circuit  shown  in  Figure  3.1 1. 


Question  and  Answer: 

At  this  point,  you  may  be 
wondering  why  we  are  so 
interested  in  peak  values. 
Wouldn’t  it  be  easier  to  stick 
with  effective  (rms)  values?  We 
are  interested  in  peak  values  for 
several  reasons.  First,  I 
the  peak  values  of  the  circuit 
voltages  allows  i 
analyze  the  > 
iiifeiS 


FIGURE  3.11 


Solution:  The  transformer  is  shown  to  have  a  25  Vac  rating.  This  value  of  Vj  is 
converted  to  peak  form  as  follows: 


'  L?(rms) 


25  V 


V(pk)  0.707  0.707 


=  35.36  V 


Now,  the  value  of  VUpk)  is  found  as 

vt(pk)  =  Vs(pk)-v,  =  35.36  V-0.7  V  =  34.66  V 


Practice  Problem  3.3 

A  12  Vac  transformer  is  being  used  in  a  positive  half-wave  rectifier.  What  is  the 
peak  load  voltage  for  the  circuit? 


Once  the  peak  load  voltage  is  determined,  the  peak  load  current  is  found  as 


(3.10) 


Example  3.4  demonstrates  the  calculation  of  peak  load  current. 


EXAMPLE  3.4 _ 

What  is  the  peak  load  current  for  the  circuit  shown  in  Figure  3.12? 


FIGURE  3.12 
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Solution:  The  circuit  has  a  120  Vac  input.  This  value  is  converted  to  a  peak  value 
as  follows: 


'  P(pk) 


v  l\ims' 

0.707 


120  V 
0.707 


169.7  V 


Now,  the  value  of  VS(pk)  is  found  as 

*W)  =  ^Vp( pic,  =  ~  (169.7  V)  =  56.6  V 

Finally,  the  load  voltage  and  current  values  are  found  as 

*W)  =  =  56.6  V  -  0.7  V  =  55.9  V 

and 


.  _  *V)  55.9  V  „  M 

Uvk)  Rl  10  kfi  •  raA 


Practice  Problem  3.4 

A  circuit  like  the  one  shown  in  Figure  3.12  has  values  of  NP  =  1 2,  Ns  =  1,  and  RL  = 
8.2  kfl.  What  is  the  peak  load  current  for  the  circuit? 


3.2.4  Average  Voltage  and  Current 


The  value  of  average  voltage  (Vave)  for  an  ac  (or  other)  waveform  is  the  value  that  would 
be  measured  with  a  dc  voltmeter.  In  other  words,  Vave  is  the  dc  equivalent  value  of  the 
waveform.  In  most  cases,  Vave  and  Vdc  are  used  to  describe  the  same  value.  Since  rectifiers 
are  used  to  convert  ac  to  dc,  Vave  is  a  very  important  value.  For  a  half-wave  rectifier,  Vave 
is  found  as 


Average  voltage  (Vave) 

The  dc  equivalent  of  an  ac  (or 
other)  waveform.  Vme  is 
measured  with  a  dc  voltmeter. 


Vave  =  ~~r  (half-wave  rectified) 

(3.11) 

Equation  (3.11)  is  typically 
introduced  in  an  ac  circuits 

Another  form  of  this  equation  is 

course.  The  derivation  of  this 
eqtqHiort  is  providet)  (as  a  \ 

rey.lew) ruAppehtlht.f).  ] 

Kve  =  0.31 8  Vpk  (half- wave  rectified) 

(3.12) 

where  0.318  =  1/tt.  Either  of  these  equations  can  be  used  to  determine  the  dc  equivalent 
load  voltage  for  a  half-wave  rectifier.  Example  3.5  demonstrates  the  process  for  determin¬ 
ing  the  value  of  Vave  for  a  half-wave  rectifier. 


EXAMPLE  3.5 _ 

Determine  the  value  of  Vave  for  the  circuit  shown  in  Figure  3.13. 


FIGURE  3.13 


Lab  Reference:  These  values  are 
calculated  and  measured  as  part  of 
Exercise  3. 
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Solution: 


Average  current  (/aTe) 

The  dc  equivalent  of  an 
alternating  current.  7ave  is 
measured  with  a  dc  ammeter. 


Equation  (3.13)  can  be  derived 
in  the  same  fashion  as  equation 
■MJM-  The  derivation  of  that 


^Ptrms' 


120  V 


=  ■  =  169.7  V 


IW  ,0.707  0.707  , 

Vs(pk)  =  ^VP(pk)  =  -“069.7  V)  =  84.85  V 

/Vp 


VLip»  =  84-85  V  -  0.7  V  =  84.15  V 


84.15  V 


26.8  V 


IT 


Practice  Problem  3.5 

A  half-wave  rectifier  like  the  one  in  Figure  3.13  has  values  of  NP  =  14  and  Ns  =  1. 
What  is  the  dc  load  voltage  for  the  circuit? 


Just  as  we  can  convert  a  peak  voltage  to  average  voltage,  we  can  also  convert  a 
peak  current  to  an  average  current.  The  value  of  the  average  current  (/ave)  for  an  ac 
waveform  is  the  value  that  would  be  measured  with  a  dc  ammeter  Thus,  the  value  of 
7ave  for  a  waveform  gives  us  an  equivalent  dc  current.  This  is  another  very  important 
value  for  any  circuit  used  to  convert  ac  to  dc.  The  value  of  7ave  can  be  calculated  in  one 
of  two  ways: 

1.  We  can  determine  the  value  of  Vave  and  then  use  Ohm’s  law  as  follows: 


2.  We  can  calculate  the  value  of  7pk  as  demonstrated  in  Example  3.4.  Then,  we  can 
convert  this  peak  value  to  average  form  using  equations  similar  to  those  we  used 
to  convert  Vpk  to  Vave  (equations  3.11  and  3.12).  The  current  forms  of  these  equa¬ 
tions  are 

" t  °  '  " " 

7ave  =  —  (half-wave  rectified)  (3.13) 

IT 

and 


7ave  =  0.3187pk  (half-wave  rectified)  (3.14) 


Example  3.6  demonstrates  the  first  method  for  determining  the  value  of  7£ 


EXAMPLE  3.6 _ 

Determine  the  value  of  7ave  for  the  circuit  shown  in  Figure  3.13. 

Solution:  In  Example  3.5,  we  determined  the  value  of  Vave  to  be  26.8  V.  Using 
this  value  and  the  value  of  RL,  the  value  of  7ave  is  found  to  be 


7m 


Uave  _  26.8  V 
Rl  20  kO 


=  1.34  mA 


Practice  Problem  3.6 

A  half-wave  rectifier  has  an  average  output  voltage  that  is  equal  to  24  V.  The  load 
resistance  is  2.2  kO.  What  is  the  value  of  the  dc  load  current  for  the  circuit? 
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Example  3.7  demonstrates  the  second  method  of  determining  the  value  of  7ave. 


EXAMPLE  3.7 _ 

Determine  the  dc  load  current  for  the  rectifier  shown  in  Figure  3.14. 


F i 


FIGURE  3.14 


Solution:  The  transformer  has  a  24  Vac  rating.  Thus,  the  peak  secondary  voltage 
is  found  as 


V* 


S(pk) 


24 

0.707 


=  33.9  V 


The  peak  load  voltage  is  now  found  as 


=  V**,-  0.7  V  =  33.2  V 


The  peak  load  current  is  found  as 


^V>  33.2  V  _  . 

h(p*> 20kO  ~1MmA 


Finally, 


A.ve  - 


^(pk>  1.66  mA 


Tt 


It 


528.39  jjlA 


Practice  Problem  3.7 

A  half-wave  rectifier  is  fed  by  a  48  Vac  transformer.  If  the  load  resistance  for  the 
circuit  is  12  kft,  what  is  the  dc  load  current  for  the  circuit? 


3.2.5  Negative  Half-Wave  Rectifiers 

The  mathematical  analysis  of  a  negative  half-wave  rectifier  is  nearly  identical  to  that  for  a 
positive  half-wave  rectifier.  The  only  difference  is  that  all  the  voltage  polarities  are 
reversed. 

Here  is  a  simple  method  you  can  use  to  perform  the  mathematical  analysis  of  a  nega¬ 
tive  half-wave  rectifier: 

1.  Analyze  the  circuit  as  if  it  were  a  positive  half-wave  rectifier. 

2.  After  completing  your  calculations,  change  all  your  voltage  polarity  signs  from 
positive  to  negative. 

This  approach  to  analyzing  a  negative  half-wave  rectifier  is  demonstrated  in  Example  3.8. 
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EXAMPLE  3.8 


Determine  the  dc  output  voltage  for  the  circuit  shown  in  Figure  3.15. 


FIGURE  3.15 


Solution:  We’ll  start  by  solving  the  circuit  as  if  it  were  a  positive  half-wave  recti¬ 
fier.  First, 


Ks(pk)  - 


48  Va, 


0.707 


=  67.9  V 


and 


VL(pk)=  Vstfkj-  0.7  V  =  67.2  V 


Finally, 


V, 


SaiuS^.^v 

it  ir 


Now,  we  simply  convert  all  the  positive  voltage  values  to  negative  voltage  values. 
Thus,  for  the  circuit  shown  in  Figure  3.15, 


Practice  Problem  3.8 

A  negative  half-wave  rectifier  is  fed  by  a  36  Vac  transformer.  Using  the  method 
illustrated  in  this  example,  calculate  the  values  of  Vs(pkj,  VL(pkp  and  the  dc  output 
voltage. 


As  you  can  see,  there  isn’t  really  a  whole  lot  of  difference  between  the  mathematical 
analysis  of  a  negative  half-wave  rectifier  and  that  of  a  positive  half-wave  rectifier. 


3.2.6  Component  Substitution 

The  value  of  /ave  is  important  for  another  reason.  You  may  recall  from  Chapter  2  that  the 
maximum  dc  forward  current  that  can  be  drawn  through  a  diode  is  equal  to  the  average 
forward  current  (/0)  rating  of  the  device.  When  working  with  rectifiers,  you  may  need  at 
some  point  to  substitute  one  diode  for  another.  When  this  is  the  case,  you  must  make  sure 
that  the  value  of  /ave  for  the  diode  in  the  circuit  is  less  than  the  I0  rating  of  the  substitute 
component.  This  point  is  demonstrated  in  Section  3.5. 
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What  role  does  the  value  of 
/ave  play  in  component 

substitution? _ 


3.2.7  Peak  Inverse  Voltage  (PIV) 

The  maximum  amount  of  reverse  bias  that  will  be  applied  to  a  diode  in  a  given  circuit  is 
called  the  peak  inverse  voltage,  or  PIV,  of  the  circuit.  For  the  half-wave  rectifier,  the  PIV 
is  found  as 

PIV  =  VS{sik)  (half-wave  rectified)  (3.15) 

The  basis  for  this  equation  can  be  seen  by  referring  to  Figure  3.6.  When  the  diode  is 
reverse  biased  (Figure  3.6b),  no  voltage  is  dropped  across  the  load.  Therefore,  all  of  Vs  is 
dropped  across  the  diode. 

The  PIV  of  a  given  circuit  is  important  because  it  determines  the  minimum  allowable 
value  of  VRRM  for  any  diode  used  in  the  circuit.  This  point  is  demonstrated  in  Section  3.5. 


Peak  inverse  voltage  (PIV) 
The  maximum  reverse  bias  that 
will  be  applied  to  a  diode  in  a 
given  circuit. 


1.  Briefly  explain  the  forward  and  reverse  operation  of  a  half-wave  rectifier.  ◄  Section  Review 

2.  Describe  the  difference  between  the  output  waveforms  of  a  positive  and  a  negative 
half-wave  rectifier. 

3.  How  can  you  determine  the  output  polarity  of  a  half-wave  rectifier? 

4.  List,  in  order,  the  steps  you  would  take  to  calculate  the  dc  output  voltage  from  a  recti¬ 
fier  if  you  were  given  the  turns  ratio  of  the  transformer  and  the  rms  primary  voltage. 

5.  List,  in  order,  the  steps  you  would  take  to  calculate  the  dc  output  voltage  from  a 
rectifier  if  you  knew  the  rated  rms  secondary  voltage. 

6.  What  test  equipment  is  used  to  measure  the  average  load  voltage  (Vave)  of  a  half¬ 
wave  rectifier? 

7.  What  test  equipment  is  used  to  measure  the  average  load  current  (7ave)  of  a  half-wave 
rectifier? 

8.  What  is  the  relationship  between  circuit  PIV  and  the  VRRM  rating  of  a  diode? 

9.  How  do  you  determine  the  PIV  for  a  half-wave  rectifier? 

10.  Based  on  the  waveforms  shown  in  Figure  3.7,  why  do  you  think  the  half-wave  recti-  ◄  Critical  Thinking 
fier  is  viewed  as  being  inefficient? 

11.  Using  only  the  information  provided  in  this  section,  derive  an  equation  that  converts 
an  effective  (rms)  voltage  to  an  average  (dc)  value. 


3.3  Full- Wave  Rectifiers 


The  full-wave  rectifier  consists  of  two  diodes  that  are  connected  as  shown  in  Figure 
3.16a.  The  result  of  this  change  in  circuit  construction  is  illustrated  in  Figure  3.16b. 


A  full-wave  rectifier 


(a) 

FIGURE  3.16  Full-wave  rectifier. 


Input  signal 


Half-wave 
rectifier  output 


Full-wave 
rectifier  output 


f\  A 
(V W\ 


k> 

Typical  rectifier  waveforms 
(b) 


Section  3.3  Full- Wave  Rectifiers 


87 


In  Figure  3.16b,  the  output  from  the  full- wave  rectifier  is  compared  with  that  from  a 
half-wave  rectifier.  Note  that  the  full- wave  rectifier  produces  two  half-cycles  out  for  every 
one  produced  by  the  half-wave  rectifier. 

Center-tapped  transformer  The  transformer  shown  in  Figure  3.16  is  a  center-tapped  transformer.  This  type  of 

A  transformer  with  an  output  transformer  has  a  lead  connected  to  the  center  of  the  secondary  winding.  The  voltage 

lead  connected  to  the  center  of  from  the  center  tap  to  each  of  the  outer  winding  terminals  is  equal  to  half  the  secondary 

the  secondary  winding.  voltage.  For  example,  let’s  say  that  we  have  a  24  V  center-tapped  transformer.  The  volt¬ 

age  from  the  center  tap  to  each  of  the  outer  winding  terminals  is  12  V. 

As  you  will  see,  the  operation  of  the  center-tapped  transformer  plays  a  major  role  in 
the  operation  of  the  full-wave  rectifier.  For  this  reason,  the  full-wave  rectifier  cannot  be 
line  operated ;  that  is,  it  cannot  be  connected  directly  to  the  ac  line  input. 


3.3.1  Basic  Circuit  Operation 

OBJECTIVE  3  ►  Figure  3.17  shows  the  operation  of  the  full-wave  rectifier  during  one  complete  cycle  of 
the  input  signal.  During  the  positive  half-cycle  of  the  input,  D\  is  forward  biased,  and  D2 
is  reverse  biased.  Note  the  direction  of  current  through  the  load  {Ri).  Using  the  ideal 
diode  model,  the  peak  load  voltage  can  be  found  as 

(3.16) 


(b) 

FIGURE  3.17  Full-wave  operation. 


The  load  voltage  is  approximately  equal  to  half  the  secondary  voltage  because  the 
transformer  is  center  tapped.  The  voltage  from  one  end  of  a  center-tapped  transformer  to 
the  center  tap  is  always  half  the  total  secondary  voltage. 

When  the  polarity  of  the  input  reverses,  D2  is  forward  biased,  and  Dx  is  reverse  biased. 
Note  that  the  direction  of  the  load  current  has  not  changed,  even  though  the  polarity  of 
the  transformer  secondary  has.  Thus,  another  positive  half-cycle  is  produced  across  the 
load,  producing  the  full- wave  rectifier  output  waveform  shown  in  Figure  3.16b. 


3.3.2  Calculating  Load  Voltage  and  Current  Values 

OBJECTIVE  4  ►  Using  the  practical  diode  model,  the  peak  load  voltage  for  a  full-wave  rectifier  is  found  as 


(3.17) 
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The  full-wave  rectifier  produces  twice  as  many  output  pulses  (per  input  cycle)  as  the  half¬ 
wave  rectifier.  In  other  words,  for  every  output  pulse  produced  by  a  half-wave  rectifier, 
two  are  produced  by  a  full-wave  rectifier.  For  this  reason,  the  average  load  voltage  for  the 
full-wave  rectifier  is  found  as 


or 


Vave  =  0.637  Vi(pk) 


(3.18) 


(3.19) 


where  0.637  =  2 lit.  Note  that  the  value  0.637  used  in  equation  (3.19)  is  approximately 
twice  the  value  of  0.318,  used  in  equation  (3.12)  to  find  the  value  of  Vave  for  a  half-wave 
rectifier.  The  procedure  for  determining  the  dc  load  voltage  for  a  full-wave  rectifier  is 
determined  in  Example  3.9. 


EXAMPLE  3.9 _ 

Determine  the  dc  load  voltage  for  the  circuit  shown  in  Figure  3.18. 


FIGURE  3.18 


4  D, 


Lab  Reference:  These  values  are 
calculated  and  measured  as  part  of 
Exercise  3. 


Solution:  The  transformer  is  rated  at  30  Vac.  Therefore,  the  value  of  VS(pk)  is  found  as 


The  peak  load  voltage  is  now  found  as 


f»pk) 


0.7  V  =  21.2  V  -  0.7  V  =  20.5  V 


Finally,  the  dc  load  voltage  is  found  as 


V.ve  =  =  —  =  13.05  V 

ir  ir 


Practice  Problem  3.9 

A  full-wave  rectifier  is  fed  by  a  24  Vac  center-tapped  transformer.  What  is  the  dc 
load  voltage  for  the  circuit? 


Once  the  peak  and  average  load  voltage  values  are  known,  it  is  easy  to  determine  the 
values  of  4(pk)  and  /ave.  Just  use  the  known  values  and  Ohm’s  law,  as  demonstrated  in 
Example  3.10. 
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EXAMPLE  3.10 


Determine  the  values  4(pk)  and  7ave  for  the  circuit  shown  in  Figure  3.18. 

Solution:  In  Example  3.9,  we  calculated  the  peak  and  average  output  voltages  for 
the  circuit.  Using  these  calculated  values  and  the  value  of  RL  shown  in  the  circuit, 
we  determine  the  circuit  current  values  as  follows: 


4(pk)  ~  -  - 


Vum  20.5  V 


Rl  5.1  kU 


=  4.02  mA 


and 


13.05  V 
5.1  kO 


2.56  mA 


Practice  Problem  3.10 

The  circuit  described  in  Practice  Problem  3.9  has  a  2.2  kH  load.  What  are  the  peak 
and  dc  load  current  values  for  the  circuit? 


3.3.3  Peak  Inverse  Voltage 

When  one  of  the  diodes  in  a  full-wave  rectifier  is  reverse  biased,  the  voltage  across  that 
diode  is  approximately  equal  to  Vs.  This  point  is  illustrated  in  Figure  3.19.  With  a  24  Vac 
rating,  there  is  approximately  34  Vpk  across  the  secondary  of  the  transformer.  As  a 
result,  the  secondary  voltages  (measured  with  respect  to  the  center  tap)  are  +17  Vpk  and 
-17  Vpk.  With  the  polarities  shown,  D]  is  conducting,  and  D2  is  reverse  biased.  If  we 
assume  D,  to  be  ideal,  then  VD]  =  0  V,  and  the  cathode  of  D]  is  also  at  +17  Vpk.  Since 
the  cathode  of  Dx  is  connected  directly  to  the  cathode  of  £>2,  its  cathode  is  also  at 
+  17  Vpk.  With  —17  Vpk  applied  to  the  anode  of  D2,  the  difference  of  potential  across 
the  component  is  34  Vpk. 


FIGURE  3.19  Full-wave  rectifier  PIV. 


The  peak  load  voltage  supplied  by  the  full-wave  rectifier  is  approximately  half  the  sec¬ 
ondary  voltage,  Vs.  Therefore,  the  reverse  voltage  across  either  diode  is  approximately 
twice  the  peak  load  voltage.  By  formula, 


(3.20) 


As  shown  in  Figure  3.19,  the  PIV  across  the  reverse-biased  diode  is  approximately 
equal  to  the  peak  secondary  voltage  (when  the  other  diode  is  assumed  to  be  ideal).  There¬ 
fore,  the  PIV  applied  to  either  diode  can  be  approximated  as 

PIV  =  Vsrpk)  (3.21) 

Though  it  provides  a  fairly  accurate  value  of  diode  PIV,  equation  (3.21)  ignores  the 
practical  characteristics  of  the  other  diode  in  the  full-wave  rectifier.  In  Figure  3.19,  Dj  is 
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on  and  has  a  voltage  drop  of  0.7  V.  Because  D]  is  in  series  with  D2,  the  PIV  across  D2  is 
reduced  by  the  voltage  drop  across  Dx.  Therefore,  a  more  accurate  value  of  PIV  can  be 
obtained  using 


PIV  =  V*pk,  -  0.7  V 


(3.22) 


3.3.4  Negative  Full-Wave  Rectifiers 

If  we  reverse  the  directions  of  the  diodes  in  the  positive  full-wave  rectifier,  we  have  a  neg¬ 
ative  full-wave  rectifier.  The  negative  full-wave  rectifier  and  its  output  waveform  are 
shown  in  Figure  3.20.  As  you  can  see,  the  main  differences  between  the  positive  and  neg¬ 
ative  full-wave  rectifiers  are  the  direction  in  which  the  diodes  are  pointing  and  the  polar¬ 
ity  of  the  output  voltage. 


A  Practical  Consideration: 

It  may  seem  confusing  to  have 
three  different  equations  for 
PIV.  However,  you  should  keep 
two  points  in  mind: 

1.  Equations  (3.20)  and  (3.21) 
are  effectively  saying  the 
same  thing. 

2.  The  0.7  V  drop  included  in 

on  (3.221  may  become 
when  you  are 
i  low  voltage 


FIGURE  3.20  A  negative  full-wave  rectifier. 


The  mathematical  analysis  of  a  negative  full-wave  rectifier  can  be  performed  using  the 
same  approach  we  used  for  the  negative  half-wave  rectifier;  that  is,  the  circuit  voltage  val¬ 
ues  are  calculated  using  the  relationships  given  in  this  section.  Then,  the  polarities  of  the 
results  are  changed  from  positive  to  negative.  We  will  not  go  through  this  analysis  proce¬ 
dure  again,  but  you  should  have  no  problem  making  the  transition  from  the  negative  half¬ 
wave  to  the  negative  full-wave  rectifier.  If  you  don’t  remember  how  to  analyze  a  negative 
rectifier,  refer  back  to  Section  3.2. 


3.3.5  Full- Wave  Versus  Half-Wave  Rectifiers 

There  are  quite  a  few  similarities  between  full-wave  and  half-wave  rectifiers.  Figure  3.21 
summarizes  the  relationships  that  you  have  been  shown  for  these  two  circuits. 

It  would  seem  (at  first)  that  the  only  similarity  between  half-wave  and  full-wave  recti¬ 
fiers  is  the  method  of  finding  the  PIV  values  for  the  two  circuits.  However,  there  is 
another  similarity  that  may  not  be  as  obvious.  Let’s  assume  for  a  moment  that  both  of  the 
rectifiers  shown  in  Figure  3.21  are  fed  by  24  Vac  transformers.  If  you  were  to  calculate 
the  dc  output  voltages  for  the  two  circuits,  you  would  get  the  following  values: 

Vave  =  10.58  Vdc  (for  the  half-wave  rectifier) 

Vave.  =  10.36  Vdc  (for  the  full-wave  rectifier) 


As  you  can  see,  the  two  circuits  produce  nearly  identical  dc  output  voltages  for  identical 
values  of  transformer  secondary  voltage.  In  fact,  if  the  values  of  RL  for  the  two  circuits 
are  equal,  the  dc  output  current  values  for  the  circuits  are  also  nearly  identical. 

So  why  do  we  bother  with  the  full-wave  rectifier  when  we  can  get  the  same  dc  output 
values  with  the  half-wave  rectifier?  There  are  a  couple  of  reasons.  First,  if  the  peak  load 
voltages  for  the  two  circuits  are  equal,  the  full-wave  rectifier  will  have  twice  the  dc  load 
voltage  and  power  efficiency  of  the  half-wave  rectifier.  The  second  reason  deals  with  the 
operation  of  filters.  As  you  will  be  shown  in  Section  3.6,  the  full- wave  rectifier  has  twice 
the  output  frequency  of  the  half-wave  rectifier,  which  has  an  impact  on  the  filtering  of  the 
rectifier  output.  When  we  add  filters  to  the  half-wave  and  full-wave  rectifiers,  the  advan¬ 
tages  of  the  full-wave  rectifier  will  become  clear. 
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3.4  Full- Wave  Bridge  Rectifiers 


FIGURE  3.21 


Section  Review  ► 


1.  Briefly  explain  the  operation  of  a  full-wave  rectifier. 

2.  How  do  you  determine  the  PIV  across  each  diode  in  a  full-wave  rectifier? 

3.  Briefly  discuss  the  similarities  and  differences  between  the  half-wave  rectifier  and 
the  full-wave  rectifier. 

4.  Why  does  a  full-wave  rectifier  have  twice  the  efficiency  of  a  half-wave  rectifier  with 
the  same  peak  load  voltage? 


Critical  Thinking  ► 


The  bridge  rectifier  is  the  most  commonly  used  full-wave  rectifier  for  several  reasons: 

1.  It  does  not  require  the  use  of  a  center-tapped  transformer  and  therefore  can  be  cou¬ 
pled  directly  to  the  ac  power  line  (if  desired). 

2.  When  connected  to  a  transformer  with  the  same  secondary  voltage,  it  produces 
nearly  double  the  peak  output  voltage  of  the  full-wave  center-tapped  rectifier.  This 
results  in  a  higher  dc  output  voltage  from  the  supply. 

The  bridge  rectifier  consists  of  four  diodes  connected  as  shown  in  Figure  3.22. 


Why  are  bridge  rectifiers 


FIGURE  3.22  Bridge  rectifier. 
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3.4.1  Basic  Circuit  Operation 

In  Figure  3.17,  you  were  shown  that  the  full-wave  rectifier  produces  its  output  by  alter-  ◄  OBJECTIVE  5 
nating  circuit  conduction  between  the  two  diodes.  When  one  diode  is  on  (conducting),  the 
other  diode  is  off  { not  conducting).  The  bridge  rectifier  works  in  the  same  basic  fashion. 

However,  the  bridge  rectifier  alternates  conduction  between  two  diode  pairs.  This  princi¬ 
ple  is  illustrated  in  Figure  3.23.  During  the  positive  half-cycle  of  the  input,  Vs  has  the 
polarity  shown  in  Figure  3.23a,  causing  Dx  and  D3  to  conduct.  Note  the  direction  of  cur¬ 
rent  through  the  load  resistor  and  the  polarity  of  the  resulting  load  voltage.  During  the 
negative  half-cycle  of  the  input,  Vs  has  the  polarity  shown  in  Figure  3.23b.  D2  and  D4 
now  conduct  (rather  than  D,  and  Df).  However,  the  current  direction  through  the  load  has 
not  changed,  nor  has  the  resulting  polarity  of  the  load  voltage. 


Lab  Reference:  Bridge  rectifier 
operation  is  demonstrated  in 
Exercise  3. 


3.4.2  Calculating  Load  Voltage  and  Current  Values 

The  full-wave  rectifier  has  an  output  voltage  that  is  approximately  half  the  secondary  ◄  OBJECTIVE  6 
voltage  (assuming  that  the  conducting  diode  is  ideal).  This  relationship  was  expressed  in 
equation  (3.16).  As  you  know,  the  output  voltage  in  a  full- wave  rectifier  is  reduced  to  half 
the  secondary  voltage  by  the  center  tap  on  the  transformer  secondary.  The  center-tapped 
transformer  is  essential  for  the  full- wave  rectifier  to  work,  but  it  cuts  the  output  voltage  to 
approximately  half  the  value  of  Vs. 

The  bridge  rectifier  does  not  require  the  use  of  a  center-tapped  transformer.  Assuming 
the  diodes  in  the  bridge  to  be  ideal,  the  rectifier  has  a  peak  output  voltage  of 


(3.23) 


Refer  to  Figure  3.23.  If  you  consider  the  diodes  to  be  ideal,  the  cathode  and  anode  volt¬ 
ages  are  equal  for  each  diode.  If  you  view  the  conducting  diodes  as  being  shorted  connec¬ 
tions  to  the  transformer  secondary,  you  can  see  that  the  voltage  across  the  load  resistor  is 
equal  to  the  voltage  across  the  secondary. 

When  calculating  circuit  output  values,  you  will  get  more  accurate  results  if  you  take 
the  voltage  drops  across  the  two  conducting  diodes  into  account.  Since  there  are  two  con¬ 
ducting  diodes  in  series  with  the  load,  the  peak  load  voltage  is  found  as: 


~  Vstpk)  1-4'V 


(3.24) 
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The  1.4  V  value  represents  the  sum  of  the  diode  voltage  drops.  The  rest  of  the  load  volt¬ 
age  and  current  values  are  found  using  the  same  equations  as  those  used  for  the  full-wave 
rectifier.  This  is  demonstrated  in  Example  3.11. 


EXAMPLE  3.11 


Determine  the  dc  load  voltage  and  current  values  for  the  circuit  shown  in  Figure  3.24. 


Lab  Reference:  These  voltages  are 
calculated  and  measured  as  part  of 
Exercise  3. 


'Da 

>12  kft 


FIGURE  3.24 


Solution:  With  the  12  Vac  rated  transformer,  the  peak  secondary  voltage  is  found  as 

12  V 

V9(pk)  =  — ~dr  =  16.97  V 
(p)  0.707 

The  peak  load  voltage  is  now  found  as 


The  dc  load  voltage  is  found  as 


V  = 

r  ave 


2Vrt*>  (2)(15.f 


=  9.91  V 


Finally,  the  dc  load  current  is  found  as 

•  -• ' w ‘  •  ’  v • h  . •  ■, •  i 

f  ^ave  9.91V 
ave  Rl  12  kfl 


Practice  Problem  3.11 

A  bridge  rectifier  is  fed  by  an  18  Vac  transformer.  Determine  the  dc  load  voltage 
and  current  for  the  circuit  when  it  has  a  1 .2  kQ  load. 


3.4.3  Bridge  Versus  Full-Wave  Rectifiers 

Let’s  analyze  one  more  full-wave  rectifier.  This  will  give  us  some  values  for  comparing 
the  outputs  from  the  full-wave  and  bridge  rectifiers. 


EXAMPLE  3.12 _ 

A  full- wave  rectifier  has  a  12  Vac  transformer  and  a  12  kfl  load.  Determine  the  dc 
load  voltage  and  current  values  for  the  circuit. 

Solution:  The  peak  secondary  voltage  for  the  circuit  is  found  as 
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The  peak  load  voltage  is  now  found  as 


'  S(pk) 


KC(pk) 


0.7V  = 


16.97  V 


The  dc  load  voltage  is  found  as 


2V&p  k> 

TT 


(2)(7.79  V) 
-rr 


=  4.96  V 


Finally,  the  dc  load  current  is  found  as 

4.96  V 


/ave  = 


Rl  12  ka 


413 .3  (jtA 


Now,  let’s  compare  the  results  from  Examples  3.11  and  3.12.  The  only  difference 
between  these  two  circuits  is  that  one  is  a  bridge  rectifier  and  the  other  is  a  full-wave  rec¬ 
tifier.  For  convenience,  the  circuit  values  are  summarized  as  follows: 


Value  Bridge  Rectifier  Full-Wave  Rectifier 


Peak  load  voltage  15.57  V  7.79  V 

dc  load  voltage  9.91  V  4.96  V 

dc  load  current  825.8  p,A  413.3  p,A 


As  you  can  see,  the  bridge  rectifier  has  output  values  that  are  twice  as  high  as  those  of 
a  comparable  full-wave  rectifier.  This  higher  output  is  the  primary  advantage  of  using 
a  bridge  rectifier.  The  bridge  rectifier  also  has  higher  power  efficiency  than  the  full- 
wave  rectifier  and  does  not  require  use  of  a  center-tapped  transformer. 


What  are  the  primary 
advantages  of  using  a  bridge 
rectifier  , in  place  of  a  ftill-wave 


3.4.4  Peak  Inverse  Voltage 

Using  the  ideal  diode  model,  the  PIV  of  each  diode  in  the  bridge  rectifier  is  equal  to  Vs- 
This  is  the  same  voltage  that  was  applied  to  the  diodes  in  the  full-wave  center-tapped 
rectifier.  Figure  3.25  helps  to  illustrate  this  point. 


Since  each  “off”  diode  is  in 
series  with  a  conducting  diode, 
the  actual  PIV  is  equal  to 

iiaiS _ iajfc 


_ ; 


FIGURE  3.25  Bridge  rectifier  PIV. 


Figure  3.25a  shows  the  conduction  through  the  secondary  when  Vs  has  the  polarity 
shown.  In  Figure  3.25b,  the  conducting  diodes  (Dx  and  Df)  have  been  replaced  by 
wires  representing  the  ideal  characteristics  of  the  conducting  diodes.  As  shown,  D2 
and  Z?4  are  connected  across  the  transformer  secondary.  Therefore,  the  voltage  across 
each  of  these  nonconducting  diodes  equals  the  secondary  voltage  (Vs).  The  same  holds 
true  for  Dt  and  D3  when  they  are  reverse  biased  (during  the  negative  half-cycle  of  the 
input). 
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3.4.5  Putting  It  All  Together 

The  three  commonly  used  rectifiers  are  the  half-wave  rectifier,  full-wave  (center-tapped) 
rectifier,  and  the  bridge  rectifier.  The  output  characteristics  of  these  circuits  are  summa¬ 
rized  in  Figure  3.26. 


Rectifiers:  A  Comparison 


Rectifier  type: 


Half-wave 


Schematic 

diagram; 


Typical  output 
waveformr 
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FIGURE  3.26 


As  you  know,  the  half-wave  rectifier  is  the  simplest  of  the  three  circuits.  For  each  input 
cycle,  the  half-wave  rectifier  produces  a  single  half-cycle  output.  The  polarity  of  the  half¬ 
cycle  output  depends  on  the  direction  of  the  diode  in  the  circuit.  The  half-wave  rectifier  is 
normally  used  in  conjunction  with  a  transformer.  However,  the  circuit  can  be  directly 
coupled  to  an  ac  line  input. 

The  full-wave  ( center-tapped )  rectifier  uses  two  diodes  in  conjunction  with  a  center- 
tapped  transformer  to  convert  an  ac  input  to  a  pulsating  dc  output.  For  each  input  cycle, 
this  rectifier  produces  two  output  half-cycles  (as  shown  in  Figure  3.26).  As  is  the  case 
with  the  half-wave  rectifier,  the  output  polarity  of  the  full-wave  rectifier  is  determined  by 
the  direction  of  the  diodes  in  the  circuit.  Since  a  center-tapped  transformer  is  required  for 
this  rectifier  to  operate,  it  cannot  be  directly  coupled  to  an  ac  line  input. 

The  bridge  rectifier  produces  an  output  that  is  similar  to  that  of  a  center-tapped  full- 
wave  rectifier.  However,  the  diode  configuration  in  this  rectifier  eliminates  the  need  for  a 
center-tapped  transformer.  As  a  result,  the  bridge  rectifier  has  two  distinct  advantages 
over  its  full-wave  counterpart: 

1.  The  peak  output  (for  a  given  peak  input)  is  twice  the  value  of  the  output  produced 
by  a  center-tapped  full-wave  rectifier. 

2.  The  bridge  rectifier  can  be  directly  coupled  to  an  ac  line  input,  just  like  the  half¬ 
wave  rectifier. 

Figure  3.26  summarizes  the  output  relationships  for  the  rectifiers  we  have  discussed. 
Whenever  you  need  to  briefly  review  the  relationships  listed,  you  can  refer  to  this  illustra¬ 
tion.  For  more  detailed  information,  refer  to  the  appropriate  section  of  this  chapter. 
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1.  Describe  the  operation  of  the  bridge  rectifier.  ^  Section  Review 

2.  List  the  advantages  that  the  bridge  rectifier  has  over  the  full-wave  rectifier. 

3.  Describe  the  method  for  determining  the  PIV  for  a  diode  in  a  bridge  rectifier. 


3.5  Working  with  Rectifiers 


Several  practical  aspects  of  working  with  rectifiers  have  been  ignored  up  to  this  point. 
Most  of  these  factors  explain  the  differences  between  theory  and  practice. 

3.5.1  Effects  of  Bulk  Resistance  and  Reverse  Current 
on  Circuit  Measurements 

In  Chapter  2,  we  discussed  the  effects  of  bulk  resistance  and  reverse  current  on  circuit 
voltage  measurements.  In  that  chapter,  the  following  points  were  made: 

1.  The  current  through  the  bulk  resistance  of  a  diode  can  affect  the  actual  value  of  VF 
for  the  device. 

2.  When  a  diode  is  in  series  with  a  resistor,  reverse  current  can  cause  a  voltage  to  be 
developed  across  the  resistor  when  the  diode  is  biased  off. 

While  the  effects  of  bulk  resistance  and  reverse  current  are  not  normally  very  drastic, 
they  do  serve  to  explain  a  few  things: 

1.  Rectifiers  tend  to  be  high-current  circuits.  Thus,  the  effects  of  1FRB  on  the  value  of 
VF  can  be  fairly  significant.  Many  rectifier  diodes  will  have  a  value  of  VF  that  is 
closer  to  1  V  than  to  0.7  V. 

2.  It  is  fairly  common  for  power  rectifiers  (those  with  high-current  capabilities)  to 
have  high  reverse  current  ratings.  For  example,  the  spec  sheet  shown  in  Figure  3.27 
shows  that  the  MBR1045  has  a  maximum  instantaneous  reverse  current  rating  of 
15  mA  at  T  =  125°C.  This  value  of  reverse  current  could  severely  impact  the  opera¬ 
tion  of  a  power  supply.  To  keep  the  reverse  current  to  a  minimum,  power  supplies 
are  kept  as  cool  as  possible. 

Many  rectifier  diodes  are  mounted  to  a  heat  sink  to  keep  them  cool  when  used  in  high- 
current  circuits.  The  heat  sink  draws  the  heat  away  from  the  diode,  keeping  the  /in¬ 
junction  cooler.  There  are  many  configurations  for  heat  sinks,  from  flat,  aluminum  stock 
to  those  with  elaborate  cooling  fins.  Many  times,  heat  sinks  have  forced  air  flowing 
through  and  around  them  to  increase  their  power  dissipation  capabilities.  Many  power 
diodes,  such  as  the  one  shown  in  Figure  3.27,  have  a  drilled  metal  plate  that  allows  them 
to  be  bolted  directly  to  a  heat  sink. 

Integrated-circuit  (IC)  bridge  rectifiers,  like  the  one  illustrated  in  Figure  3.28,  are  also 
designed  to  be  mounted  onto  a  heat  sink.  There  is  a  hole  in  the  middle  of  the  component 
to  allow  a  mounting  bolt  to  pass  through.  The  bottom  of  the  bridge  may  be  aluminum, 
which  is  electrically  isolated  from  all  diode  junctions  and  serves  as  an  excellent  thermal 
conductor.  (IC  bridge  rectifiers  are  discussed  further  at  the  end  of  this  section.) 

3.5.2  Transformer  Rating  Tolerance 

The  tolerance  of  a  transformer’s  output  rating  can  have  a  major  effect  on  circuit  voltage 
measurements.  Depending  on  the  quality  of  the  transformer,  the  output  voltage  may  (at 
times)  be  above  or  below  the  rated  value  by  as  much  as  20% !  This  can  have  a  major 
impact  on  any  voltage  measured  in  the  circuit. 

Later  in  this  chapter,  we  will  discuss  zener  voltage  regulators.  These  circuits  provide 
varying  degrees  of  line  regulation;  that  is,  they  have  the  ability  to  maintain  a  constant 
load  voltage  despite  anticipated  variations  in  rectifier  output  voltage.  In  other  words,  as 
long  as  the  variations  in  the  output  from  a  rectifier  remain  within  an  anticipated  range,  the 


Line  regulation 

The  ability  of  a  voltage 
regulator  to  maintain  a  constant 
load  voltage  despite  anticipated 
variations  in  rectifier  output 
voltage. 


A  Practical  Consideration: 
Diode  forward  voltage  values 
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MBR1035,  MBR1045 

MBR1045  is  a  Preferred  Device 

SWITCHMODE™ 

Power  Rectifiers 

.  .  .  using  the  Schottky  Barrier  principle  with  a  platinum  barrier 
metal.  These  state-of-the-art  devices  have  the  following  features: 

•  Guardring  for  Stress  Protection 

•  Low  Forward  Voltage 

•  150°C  Operating  Junction  Temperature 

•  Epoxy  Meets  UL94,  VO  at  1/8" 

Mechanical  Characteristics: 

•  Case:  Epoxy,  Molded 

•  Weight:  1.9  grams  (approximately) 

•  Finish:  All  External  Surfaces  Corrosion  Resistant  and  Terminal 
Leads  are  Readily  Solderable 

•  Lead  Temperature  for  Soldering  Purposes: 

260°C  Max.  for  10  Seconds 

•  Shipped  50  units  per  plastic  tube 

•  Marking:  B1035,  B1045 

MAXIMUM  RATINGS 


Peak  Repetitive  Reverse  Voltage 
Working  Peak  Reverse  Voltage 

DC  Blocking  Voltage  MBR1035 

MBR1045 

VRRM 

Vrwm 

Vr 

35 

45 

Average  Rectified  Forward  Current 
(Rated  VR,  Tc  =  135°C) 

!f(AV) 

10 

Peak  Repetitive  Forward  Current, 
(Rated  VR,  Square  Wave, 

20  kHz,  Tc  =  135°C) 

Ifrm 

20 

Non-Repetitive  Peak  Surge  Current 
(Surge  Applied  at  Rated  Load 
Conditions  Halfwave,  Single 

Phase,  60  Hz) 

Ifsm 

150 

Peak  Repetitive  Reverse  Surge 
Current  (2.0  ns,  1.0  kHz) 

See  Figure  12. 

1 

RRM 

1.0 

Storage  Temperature  Range 

Tstg 

-65  to +175 

Operating  Junction  Temperature 

Tj 

-65  to  +150 

Voltage  Rate  of  Change 
(Rated  VR) 

dv/dt 

10,000 

ON  Semiconductor™ 

http://onsemi.com 

SCHOTTKY  BARRIER 
RECTIFIERS 
10  AMPERES 
35  to  45  VOLTS 


TO— 220AC 
CASE  221 B 
PLASTIC 


MARKING  DIAGRAM 

roi 


B10x5  =  Device  Code 
x  =  3  or  4 


THERMAL  CHARACTERISTICS 


Maximum  Thermal  Resistance,  Junction  to  Case 


ELECTRICAL  CHARACTERISTICS 


Maximum  Instantaneous  Forward  Voltage  (Note  1 .) 
(iF=  10Amps,TC  =  125°C) 

(ip  =  20  Amps,  Tc  =  125°C) 

(ip  =  20  Amps,  Tc  =  25°C) 


Maximum  Instantaneous  Reverse  Current  (Note  1.) 
(Rated  dc  Voltage,  Tc  =  125°C) 

(Rated  dc  Voltage,  Tc  =  25°C) 


1.  Pulse  Test:  Pulse  Width  =  300  ps.  Duty  Cycle  <  2.0%. 


■  i 


FIGURE  3.27  (Copyright  of  Semiconductor  Component  Industries,  LLC.  Used  by  permission.) 
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voltage  regulator  will  prevent  those  variations  from  affecting  the  operation  of  the  load. 
Thus,  transformer  rating  tolerances  may  cause  a  measured  rectifier  voltage  to  be  off  by  a 
considerable  margin,  but  they  will  have  little  effect  on  dc  load  voltage  when  a  voltage 
regulator  is  used.  The  effect  of  voltage  regulation  on  the  operation  of  a  power  supply  is 
covered  in  detail  later  in  this  chapter. 


3.5.3  Power  Rectifiers 


Many  power  supplies  require  the  use  of  rectifier  diodes  that  have  extremely  high  forward 
current  and/or  power  dissipation  ratings.  The  characteristics  of  these  power  rectifiers 
are  illustrated  in  Figure  3.27,  which  contains  the  spec  sheet  for  the  MBR1045  power 
rectifier. 

The  spec  sheet  shown  illustrates  the  primary  differences  between  power  rectifiers  and 
small-signal  diodes.  These  differences  are: 


Power  rectifier 
A  diode  with  extremely  high 
forward  current  and/or  power 
dissipation  ratings. 


1.  Power  rectifiers  have  high  forward  current  ratings.  The  MBR1045  is  capable  of 
handling  an  average  forward  current  of  10  A.  (Average  forward  current  ratings  of 
50  A  or  greater  are  not  uncommon.) 

2.  Power  rectifiers  can  handle  extremely  high  forward  surge  currents.  The  spec  sheet 
for  the  MB  R 1045  shows  that  the  component  can  handle  a  forward  surge  of  up  to 
150  A! 

3.  Power  diodes  tend  to  have  relatively  high  reverse  current  ratings.  The  instantaneous 
reverse  current  rating  for  the  MBR1045  ranges  from  100  p,A  (at  T  =  25°C)  to 
15  mA  (at  T  =  125°C). 


If  you  compare  these  ratings  to  those  for  the  1N4001  (Figure  2.25),  you  can  see  that  these  FIGURE  3.28  Integrated 
current  ratings  are  significantly  higher.  rectifier  package. 


3.5.4  Integrated  Rectifiers 


Advances  in  semiconductor  device  manufacturing  have  made  it  possible  to  construct 
entire  circuits  on  a  single  piece  of  semiconductor  material.  A  circuit  that  is  constructed 
entirely  on  a  single  piece  of  semiconductor  material  is  called  an  integrated  circuit  (IC). 
There  are  a  number  of  advantages  to  using  integrated  rectifiers.  Among  them  are: 

1.  Reduced  cost  (it  takes  fewer  components  to  construct  a  power  supply). 

2.  Troubleshooting  is  made  easier. 

3.  All  the  diodes  in  the  bridge  operate  at  the  same  temperature.  As  a  result,  they  have 
equal  values  of  VF  and  leakage  current. 

4.  The  bridge  can  easily  be  mounted  to  a  heat  sink. 


Integrated  circuit  (IC) 

An  entire  circuit  constructed  on 
a  single  piece  of  semiconductor 
material. 


The  component  case  illustrated  in  Figure  3.28  contains  an  entire  bridge  rectifier.  Typi¬ 
cally,  IC  bridge  rectifiers  can  handle  average  currents  of  25  A  (and  higher)  and  surge  cur¬ 
rents  in  the  hundreds  of  amperes.  In  these  respects,  IC  bridge  rectifiers  are  like  power  rec¬ 
tifiers.  At  the  same  time,  they  have  high  VRRM  and  low  IR  ratings,  like  many  small-signal 
diodes. 

The  IC  bridge  rectifier  can  be  represented  using  a  block  diagram  like  the  one  shown  in 
Figure  3.29.  This  figure  shows  how  a  single  component  would  be  wired  to  replace  the  bridge 
circuit  shown  in  Figure  3.24. 


FIGURE  3.29 
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When  using  an  IC  bridge  rectifier,  the  same  calculations  are  made  as  when  working  with  a 
bridge  made  up  of  individual  diodes.  Be  aware,  however,  that  the  VF  rating  given  on  the  com¬ 
ponent's  spec  sheet  is  the  forward  voltage  per  diode,  so  you  still  need  to  consider  the  effect  of 
two  diode  voltages  in  the  circuit  analysis.  This  point  is  demonstrated  in  Example  3.13. 


EXAMPLE  3.13 

Calculate  the  value  of  Vave  for  the  load  in  Figure  3.30. 


F, 


FIGURE  3.30 

Solution:  First,  the  peak  secondary  voltage  is  found  as 


36  Vac 
0.707 


=  50.9  V 


According  to  the  spec  sheet  for  the  MDA2502  bridge  rectifier,  the  forward  voltage 
( VF )  rating  for  the  component  is  0.95  V  per  diode.  With  two  diodes  in  the  conduc¬ 
tion  path,  the  peak  load  voltage  is  found  as 

VLif>k)  =  Vscpio  “  2Vf  =  50.9  V  -  (2)(0.95  V)  =  50.9  V  -  1 .9  V  =  49  V 


Finally,  the  average  load  voltage  is  found  as 


2Vi(pk)  (2X49  V)  „ 

- = - =t  3 

it  ir 


Practice  Problem  3.13 

The  MDA2502  is  used  in  a  circuit  with  a  12  Vac  transformer  and  a  150  11  load. 
Determine  the  average  load  voltage  for  the  circuit. 


Section  Review  ► 


1.  What  effect  does  bulk  resistance  have  on  the  measured  value  of  VF  for  a  rectifier  diode? 

2.  What  effect  can  reverse  current  have  on  measured  load  voltages? 

3.  How  does  cooling  a  power  supply  reduce  the  effects  of  reverse  current? 

4.  What  is  the  typical  tolerance  range  for  transformers? 

5.  What  is  line  regulation ? 

6.  What  are  the  primary  differences  between  power  rectifiers  and  small-signal  diodes? 

7.  What  advantages  of  using  IC  rectifiers  were  listed  in  this  section? 


3.6  Filters 


Filters  reduce  the  variations  in 

. 


The  circuit  that  follows  the  rectifier  in  a  power  supply  is  the  filter  (see  Figure  3.1).  Power 
supply  filters  are  used  to  reduce  the  variations  in  the  rectifier  output  signal.  Since  our 
goal  is  to  produce  a  constant  dc  output  voltage,  it  is  necessary  to  remove  as  much  of  the 
rectifier  output  variation  as  possible. 
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The  overall  result  of  using  a  filter  is  illustrated  in  Figure  3.31.  Here,  we  see  the  output 
from  the  half-wave  rectifier,  both  before  and  after  filtering.  Note  that  there  are  still  volt¬ 
age  variations  after  filtering.  However,  the  amount  of  variation  has  been  greatly  reduced. 


S  \  I  vr 

l  \  f 


FIGURE  3.31  The  effects  of  filtering  on  the  output  of  a  half-wave  rectifier. 


The  variation  in  the  output  voltage  of  a  filter  is  called  ripple  voltage  (Vr).  As  you  will 
see,  the  amount  of  ripple  voltage  in  the  output  from  a  given  filter  depends  on  the  rectifier 
used,  the  filter  component  values,  and  the  load  resistance. 

Power  supplies  are  designed  to  produce  as  little  ripple  voltage  as  possible.  Too  much 
ripple  in  the  output  can  have  different  adverse  effects,  depending  on  the  application  of  the 
power  supply.  In  an  audio  amplifier,  excessive  power  supply  ripple  can  produce  an  annoy¬ 
ing  hum  at  60  or  120  Hz,  depending  on  the  type  of  rectifier  used.  In  video  circuits,  exces¬ 
sive  ripple  can  produce  video  “hum”  bars  in  the  picture.  In  digital  circuits,  it  can  result  in 
erroneous  outputs  from  logic  gates.  Therefore,  it  is  important  for  the  filter  output  to  con¬ 
tain  as  little  ripple  as  possible. 

3.6.1  Basic  Capacitive  Filter 

The  capacitive  filter  is  the  most  basic  filter  type  and  the  most  commonly  used.  The 
simplest  capacitive  filter  is  simply  a  capacitor  connected  in  parallel  with  the  load  resis¬ 
tance,  as  shown  in  Figure  3.32.  The  filtering  action  is  based  on  the  charge/discharge 
action  of  the  capacitor.  During  the  positive  half-cycle  of  the  input,  Dx  conducts  and  the 
capacitor  charges  rapidly  (Figure  3.32a).  As  the  input  starts  to  go  negative,  D{  turns 
off,  and  the  capacitor  slowly  discharges  through  the  load  resistance  (Figure  3.32b).  As 
the  output  from  the  rectifier  drops  below  the  charged  voltage  of  the  capacitor,  the 
capacitor  acts  as  the  voltage  source  for  the  load.  It  is  the  difference  between  the  charge 
and  discharge  times  of  the  capacitor  that  reduces  the  variations  in  the  rectifier  output 
voltage. 

The  difference  between  the  charge  and  discharge  times  of  the  capacitor  is  caused  by 
two  distinct  RC  time  constants  in  the  circuit.  You  may  recall  from  your  study  of  basic 
electronics  that  a  capacitor  will  charge  (or  discharge)  in  five  time  constants.  One  time 
constant  (represented  by  the  Greek  letter  tau )  is  found  as 

t  -  JfC  (3.25) 
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The  variation  in  the  output 
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Charge  circuit  Discharge  circuit 

(a)  (b) 

FIGURE  3.32  The  basic  capacitive  filter. 


where  R  and  C  are  the  total  circuit  resistance  and  capacitance,  respectively.  Since  it  takes 
five  time  constants  for  a  capacitor  to  charge  or  discharge  fully,  this  time  period  ( T )  can  be 
found  as 

T  =  SRC  (3.26) 

Now  refer  to  Figure  3.32a.  The  capacitor  charges  through  the  diode.  For  the  sake  of  dis¬ 
cussion,  let’s  assume  that  D]  has  a  forward  resistance  of  5  Cl.  The  time  constant  for  the 
circuit  is  found  as 


t  =  RC  =  (5  O)(100  |jlF)  =  500  pis 


and  the  total  capacitor  charge  time  is  found  as 


T  =  5RC  =  (5X500  jxs)  =  2.5  ms 

,■  .  .  .  .  ■ 


Thus,  the  capacitor  charges  to  the  peak  input  voltage  in  2.5  ms.  The  discharge  path  for 
the  capacitor  is  through  the  resistor  (Figure  3.32b).  For  this  circuit,  the  time  constant  is 
found  as 


t  =  RC  =  (1  kfi)(100  jjcF)  =  100  ms 


and  the  total  capacitor  discharge  time  is  found  as 

T=5RC=  (5X100  ms)  =  500  ms 


A  Practical  Consideration: 
Ideally,  there  would  be  no 
ripple  at  the  output  of  a  filter. 
However,  this  can  occur  only 
under  open-load  conditions  in 


Therefore,  the  capacitor  in  Figure  3.32  has  a  charge  time  of  2.5  ms  and  a  discharge  time 
of  500  ms.  This  is  why  it  charges  almost  instantly  yet  barely  starts  to  discharge  before 
another  charging  voltage  is  provided  by  the  rectifier. 

You  have  seen  that  the  values  of  filter  capacitance  and  load  resistance  determine  the 
discharge  time  of  the  capacitor.  As  such,  the  values  of  filter  capacitance  and  load  resis¬ 
tance  also  affect  the  amplitude  of  the  ripple  voltage  at  the  filter  output. 

The  amplitude  of  the  ripple  voltage  at  the  output  of  a  filter  varies  inversely  with  the 
values  of  filter  capacitance  and  load  resistance,  as  illustrated  in  Figure  3.33.  The  values 
to  the  left  of  the  waveforms  indicate  what  happens  to  ripple  voltage  when  CF  is  constant 
and  Rl  increases.  The  values  to  the  right  indicate  what  happens  when  RL  is  constant  and 
CF  increases.  In  either  case,  the  amplitude  of  the  filter  output  ripple  decreases. 

Ripple  in  a  power  supply  is  minimized  by  having  a  high-value  filter  capacitance  com¬ 
bined  with  a  high  resistance  load.  However,  these  two  values  are  limited  by  other  consid¬ 
erations.  The  load  on  a  given  power  supply  may  consist  of  any  number  of  circuits,  each 
with  its  own  input  resistance  characteristics.  (The  load  resistor  used  in  our  schematics 
represents  the  combined  resistance  of  these  circuits.)  Thus,  it  is  impractical  to  vary  the 
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CF  constant 


Ri  =  500  n 


Rl  constant 


Cp  =  1 50  gF 


Lab  Reference:  The  effects  of 
changing  capacitance  on  filtering 
are  demonstrated  in  Exercise  4. 


CF  =  300  gF 


Rl=  1.5  kft 


FIGURE  3.33 


CF=  470  pF 


resistance  of  the  power  supply  load.  In  other  words,  a  practical  power  supply  is  designed 
to  accommodate  a  specific  load  resistance,  not  the  other  way  around.  By  the  same  token, 
the  value  of  the  filter  capacitor  is  limited  by  three  factors: 

1.  The  maximum  allowable  charge  time  for  the  component. 

2.  The  amount  of  surge  current  (/surge)  that  the  rectifier  diodes  can  withstand. 

3.  The  cost  of  “larger-than-needed”  filter  capacitors. 

The  capacitor  is  not  only  involved  in  the  discharge  action,  it  is  also  involved  in  the 
charging  action.  If  you  make  the  value  of  C  too  high,  your  discharge  time  is  greatly 
increased,  but  so  is  the  charge  time.  This  ties  in  with  the  second  factor  listed,  surge  cur¬ 
rent.  We’ll  take  a  look  at  surge  current  and  its  causes  and  effects  now. 


% 

3.6.2  Surge  Current 

When  you  first  turn  on  a  power  supply,  the  filter  capacitor  has  no  accumulated  charge  to 
oppose  Vs.  For  the  first  instant,  the  discharged  capacitor  acts  as  a  short  circuit,  as  shown 
in  Figure  3.34.  As  a  result,  the  diode  current  is  initially  limited  only  by  the  resistance  of 
the  transformer  secondary  and  the  bulk  resistance  of  the  diode.  Since  these  resistances  are 
usually  very  low,  the  initial  current  tends  to  be  extremely  high.  This  high  initial  current  is 
referred  to  as  surge  current  and  is  calculated  as  follows: 


_  y.s<pk) 

surge  ~  Rw  +  Rb 


Surge  current 

The  high  initial 
power  supply. 


current  in  a 


where  V5(pk)  =  the  peak  secondary  voltage 

Rw  =  the  resistance  of  the  secondary  windings 
Rb  =  the  diode  bulk  resistance 


FIGURE  3.34 


Example  3.14  demonstrates  the  calculation  of  surge  current  for  a  filtered  rectifier. 
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EXAMPLE  3.14 


Assume  the  circuit  in  Figure  3.32  has  an  input  of  170  Vpk,  a  turns  ratio  of  2:1,  and 
values  of  Rw  =  0.8  fl  and  RB  =  5  Cl.  What  is  the  initial  value  of  surge  current  for 
the  circuit? 

Solution:  The  peak  secondary  voltage  is  found  as 

VS(pk)  =  =  ~  X  170  V -85  V 


Now,  the  surge  current  is  found  as 


■3=5  — 

Rv 


KS(pk) 


85  V 


+  rb  o.8  a  +  5  n 


=  14.66  A 


Practice  Problem  3.14 

Assume  the  circuit  described  above  has  values  of  Rw  =  0.5  Cl  and  RB  =  8  fl.  What 
is  the  initial  surge  current  for  the  circuit? 


The  surge  current  value  found  in  Example  3.14  may  seem  to  be  extremely  high,  but 
it  shouldn’t  cause  any  problems.  As  you  may  recall,  most  rectifier  diodes  have  rela¬ 
tively  high  surge  current  ratings.  An  example  of  this  is  the  1N400X  series  of  diodes.  As 
listed  on  the  spec  sheet  in  Figure  2.25,  the  nonrepetitive  surge  current  ( IFSM )  is  rated  at 
30  A.  The  14.655  A  surge  in  Example  3.14  is  well  below  the  IFSM  rating  of  the  1N400X 
series  diodes. 

When  the  amount  of  surge  current  produced  by  a  circuit  is  more  than  the  rectifier 
diodes  can  handle,  the  problem  can  be  resolved  by  using  a  series  current-limiting  resistor, 
as  shown  in  Figure  3.35.  The  current-limiting  resistor  is  usually  a  low-resistance,  high- 
wattage  component.  The  resistor  limits  the  surge  current,  but  it  also  reduces  the  output 
voltage  from  the  circuit.  This  is  because  the  output  voltage  from  the  rectifier  is  divided 
between  the  current-limiting  resistor  and  the  load  resistance. 


FIGURE  3.35 


Surge  current  can  also  be  limited  by  using  a  lower-value  filter  capacitor.  Lower-value 
capacitors  charge  in  a  shorter  period  of  time.  The  relationship  among  capacitance,  cur¬ 
rent,  and  time  is  given  as 


(3.28) 


where  C  =  the  capacitance,  in  farads 

I  =  the  dc  (average)  charge/discharge  current 
t  =  the  charge/discharge  time 

AVC  =  the  change  in  capacitor  voltage  during  charge/discharge 
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Equation  (3.28)  can  be  rearranged  to  produce  the  following: 


OA Vg) 


(3.29) 


As  equation  (3.29)  shows,  the  time  required  for  a  capacitor  to  charge  to  a  specified  value 
is  directly  proportional  to  the  value  of  the  capacitor.  Thus,  a  lower-value  capacitor 
charges  faster,  reducing  the  duration  of  the  surge.  At  the  same  time,  lower-value  capaci¬ 
tors  produce  more  ripple  voltage  (as  was  shown  in  Figure  3.33). 


3.6.3  Filter  Output  Voltages 

Ideally,  a  filter  capacitor  would  charge  to  a  peak  value  and  remain  at  that  value;  that  is, 
there  would  be  no  variations  in  the  filter  output  voltage.  However,  we  know  this  isn’t  the 
case.  As  shown  in  Figure  3.36,  the  output  from  a  filter  has  peak,  average  (dc),  and  ripple 
voltage  values.  The  dc  output  voltage  (Vdc)  is  shown  to  equal  the  peak  voltage  (Vpk) 
minus  half  the  peak-to-peak  value  of  the  ripple  voltage.  By  formula, 


(3.30) 


where  Vpk  =  the  peak  rectifier  output  voltage 

Vr  =  the  peak-to-peak  value  of  ripple  voltage 


V 


t  =  16.67  ms  (for  half-wave  rectifiers) 
t  s  8.33  ms  (for  full-wave  rectifiers) 

FIGURE  3.36 


Lab  Reference:  The  effects  of 
filtering  on  dc  load  voltage  are 
demonstrated  in  Exercise  4. 


The  ripple  voltage  from  the  filter  can  be  found  using  a  variation  of  equation  (3.28), 
as  follows: 


where  IL  =  the  dc  load  current 

t  =  the  time  between  charging  peaks 
C  =  the  capacitance,  in  farads 


(3.31) 
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The  values  of  t  listed  in  Figure  3.36  were  obtained  using  the  frequency  of  the  rectifier 
output  alternations.  Assuming  that  the  line  frequency  into  a  half-wave  rectifier  is  60  Hz, 
the  frequency  of  the  output  alternations  is  also  60  Hz.  Therefore,  the  time  between  the 
charging  peaks  for  a  half-wave  rectifier  can  be  found  as 

t  =  -  =  ~~~  =  16.67  ms  (for  a  half-wave  rectifier) 

/  60  Hz 


The  full-wave  rectifier  produces  two  output  peaks  for  every  one  produced  by  a  half¬ 
wave  rectifier.  Therefore,  the  full-wave  rectifier  has  twice  the  output  frequency 
(120  Hz).  Using/  =  120  Hz,  the  time  between  the  charging  peaks  for  a  full-wave  recti¬ 
fier  is  found  as 


With  half  the  time  between  charging  peaks,  the  output  from  a  filtered  full-wave  rectifier 
contains  half  the  ripple  of  a  comparable  filtered  half-wave  rectifier.  This  point  is  demon¬ 
strated  in  Example  3.15. 


EXAMPLE  3.15 _ 

Determine  the  ripple  output  from  each  of  the  circuits  shown  in  Figure  3.37.  As  the 
meters  show,  the  load  current  is  20  mA  for  each  circuit. 


(b) 

FIGURE  3.37 


Solution:  The  half-wave  rectifier  (Figure  3.37a)  has  a  time  of  16.67  ms  between 
charging  pulses.  Therefore, 


V  =  — 
'  C 


(20  mA)(  16.67  ms) 
500  |xF 


=  666.7  mV, 


pp 
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For  the  full-wave  rectifier  (Figure  3.37b),  t  =  8.33  ms.  Therefore, 


V  =  —  =  ^""Axg.33  msj  = 
r  C  500  (XF  p 


As  Example  3.15  demonstrates,  the  full-wave  rectifier  has  exactly  half  the  ripple  output 
produced  by  the  half-wave  rectifier.  This  is  due  to  the  shortened  time  period  between 
capacitor  charging  pulses.  Figure  3.38  compares  the  capacitor  discharge  times  of  the  fil¬ 
tered  half-wave  and  full-wave  rectifiers.  Although  the  discharge  slopes  are  the  same  for 
the  circuits,  the  time  between  the  charging  peaks  accounts  for  the  difference  in  the  ripple 
voltage  between  the  two. 


FIGURE  3.38 


An  oscilloscope  can  be  used  to  measure  the  ripple  voltage  that  is  riding  on  a  dc  level. 
Because  the  ripple  voltage  is  normally  very  small  compared  to  the  dc  voltage,  the  oscillo¬ 
scope  must  be  set  for  ac  coupling  to  block  the  dc  component  of  the  ripple.  This  allows 
you  to  decrease  the  V/div  setting  of  the  scope  so  that  you  can  measure  low  amplitude 
signal  voltages. 

You  were  told  earlier  in  the  chapter  that  the  primary  advantage  of  using  full-wave  rec¬ 
tifiers  rather  than  half-wave  rectifiers  would  be  seen  when  we  discussed  filtering.  As 
Example  3.15  has  shown,  a  full- wave  rectifier  will  have  half  the  output  ripple  of  a  com¬ 
parable  half-wave  rectifier.  Since  our  goal  is  to  have  a  steady  dc  voltage  that  has  as  little 
ripple  voltage  as  possible,  the  full-wave  rectifier  gets  us  much  closer  to  our  goal  than 
does  the  half-wave  rectifier. 

3.6.4  Filter  Effects  on  Rectifier  Analysis 

Refer  back  to  Figure  3.36.  As  the  figure  shows,  you  can  find  the  value  of  Vdc  for  a  filtered 
rectifier  by  subtracting  Vr/2  from  the  peak  rectifier  output  voltage.  There  is  only  one  prob¬ 
lem:  To  determine  the  value  of  Vn  we  have  to  know  the  value  of  the  dc  load  current  (IL), 
and  to  determine  the  value  of  IL,  we  have  to  know  the  value  of  Vdc. 

What  we  have  here  is  referred  to  as  a  loop.  We  have  to  know  the  value  of  Vdc  to  find 
the  value  of  Vn  but  we  have  to  know  the  value  of  Vr  to  find  the  value  of  Vdc. 

So,  what  is  the  solution?  If  you  look  closely  at  Figure  3.36,  you’ll  see  that  the  final 
value  of  Vjc  is  very  close  to  the  value  of  V(lk.  Thus,  we  can  start  our  mathematical  analysis 
of  the  circuit  by  making  the  following  assumption: 


Vdc  —  V/^pk) 


Lab  Reference:  An  oscilloscope  is 
used  to  measure  Vr  in  Exercise  4. 
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Then,  using  this  assumed  value  of  Vdc ,  we  can  calculate  the  approximate  value  of  IL. 
From  there,  we  can  find  the  approximate  value  of  Vr  and  an  even  closer  value  of  Vdc.  As 
Example  3.16  demonstrates,  the  final  value  of  Vdc  is  usually  very  close  to  the  value  that 
was  originally  assumed. 

EXAMPLE  3.16 _ 

Determine  the  value  of  Vdc  for  the  circuit  shown  in  Figure  3.39. 


FIGURE  3.39 

Solution:  The  transformer  is  rated  at  24  Vac,  so 


Using  this  assumed  value  of  Vdc,  the  dc  load  current  is  found  as 


Now,  the  peak-to-peak  value  of  the  ripple  voltage  is  found  as 


Finally,  the  calculated  value  of  Vdc  is  found  as 


Practice  Problem  3.16 

A  full-wave  rectifier  has  a  24  Vac  transformer,  a  330  pF  filter  capacitor,  and  a 
1.5  kfl  load.  Calculate  the  values  of  Vr  and  ydc  for  the  circuit. 

The  percentage  of  error  between  our  assumed  and  calculated  values  of  Vdc  is  0.74%. 
This  shows  that  the  initial  assumption  of  Vdc  =  V,Jvk)  for  the  circuit  is  valid. 
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3.6.5 


Filter  Effects  on  Diode  PIV 


For  the  full-wave  and  bridge  rectifiers,  the  filter  does  not  have  any  significant  effect  on 
the  peak  inverse  voltage  across  each  diode.  However,  when  filtered,  the  half-wave  rec¬ 
tifier  diode  produces  a  peak  inverse  voltage  that  is  twice  the  secondary  voltage.  By 
formula, 


PIV  =  2V'S(I*)  (half-wave,  filtered)  (3.32) 

The  basis  for  this  relationship  is  shown  in  Figure  3.40.  When  the  diode  conducts,  Cj 
charges  to  the  value  of  Vs(pk),  as  shown  in  Figure  3.40a  (assuming,  of  course,  that  the 
diode  is  an  ideal  component).  When  the  polarity  of  the  secondary  voltage  reverses 
(Figure  3.40b),  D]  turns  off.  For  an  instant,  the  reverse  voltage  across  the  diode  is 
equal  to  the  sum  of  the  secondary  voltage  and  the  capacitor  voltage.  Since  these  two 
voltages  are  equal,  the  peak  inverse  voltage  across  the  diode  equals  2VS(pk).  Note  that 
the  diode  reverse  voltage  decreases  as  the  capacitor  discharges  through  the  load  resis¬ 
tance.  However,  the  diode  must  have  a  maximum  reverse  voltage  rating  that  is  greater 
than  2Vs(pkj. 


(a)  (b) 

FIGURE  3.40  The  effects  of  filtering  on  diode  PIV. 


3.6.6  Other  Filter  Types 


There  are  several  other  types  of  filters.  The  LC  filters  shown  in  Figure  3.41  make  use  of 
the  reactance  properties  of  inductors  and  capacitors.  Each  has  high  inductive  (series) 
reactance  and  low  capacitive  (shunt)  reactance  at  the  power  supply  ripple  frequency. 
These  reactances  combine  to  form  a  voltage  divider,  which  greatly  reduces  the  ampli¬ 
tude  of  the  ripple  voltage.  Since  the  inductors  also  oppose  any  rapid  change  in  current, 
the  filters  in  Figure  3.41  provide  surge  current  protection.  Even  so,  capacitive  filters 
(like  those  discussed  in  this  section)  are  more  commonly  used  because  of  cost  and  size 
factors. 

The  operation  of  each  filter  in  Figure  3.41  is  relatively  simple.  In  each  case,  the  induc¬ 
tor  aids  in  keeping  the  series  current  constant,  while  one  or  more  capacitors  short  any 
voltage  changes  to  ground.  The  result  is  a  very  stable  output  in  terms  of  both  current  and 
voltage.  As  a  result,  LC  filters  are  often  used  in  circuits  that  require  extremely  low  varia¬ 
tions  in  power  supply  output. 


Inductive  filters  provide 
protection  against  surge  current 


3.6.7  One  Final  Note 

The  use  of  a  filter  will  greatly  reduce  the  variations  in  the  output  from  a  rectifier.  At  the 
same  time,  the  ideal  power  supply  would  provide  a  stable  dc  output  voltage  with  no  rip¬ 
ple  voltage  at  all.  While  there  will  always  be  some  ripple  voltage  at  the  output  of  a  power 
supply,  the  use  of  a  voltage  regulator  will  reduce  the  filter  output  ripple  even  further.  This 
point  will  be  demonstrated  in  Section  3.7. 


Section  3.6 
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F, 


(a)  LC  filter 


(b)  LC  it  filter 

FIGURE  3.41  Some  other  filter  circuits. 


Section  Review  ► 


1.  What  are  filters  used  for? 

2.  What  is  ripple  voltage ? 

3.  Describe  the  operation  of  the  basic  capacitive  filter  in  terms  of  charge/discharge  time 
constants. 

4.  What  limits  the  value  of  a  filter  capacitor? 

5.  What  causes  surge  current  in  a  power  supply? 

6.  What  are  the  two  devices  shown  in  this  section  that  limit  surge  current?  How  does 
each  limit  /sur ge? 

7.  Describe  the  relationship  between  Vr  and  Vdc  for  a  filtered  rectifier. 

8.  Why  are  full-wave  rectifiers  preferred  over  half-wave  rectifiers? 

9.  Describe  the  process  used  to  calculate  the  values  of  Vr  and  Vdc  for  a  filtered  rectifier. 

10.  Explain  the  effect  that  filtering  has  on  the  PIV  across  the  diode  in  a  half-wave  rectifier. 


3.7  Zener  Voltage  Regulators 


The  final  circuit  in  a  basic  power  supply  is  the  voltage  regulator  (as  shown  in  Figure 
3.1).  There  are  many  types  of  voltage  regulators.  The  more  complex  and  practical  volt¬ 
age  regulators  contain  a  number  of  transistors  and/or  ICs  (as  will  be  discussed  in  Chap¬ 
ter  21).  In  this  chapter,  we  are  going  to  concentrate  on  the  simple  zener  regulator  shown 
in  Figure  3.42a. 

As  you  may  recall,  a  zener  diode  operated  in  reverse  breakdown  maintains  a  relatively 
constant  voltage  across  its  terminals  as  long  the  zener  current  remains  between  its  knee 
current  ( IZK )  and  maximum  current  (IZM)  ratings.  This  operating  characteristic  is  illus¬ 
trated  in  3.42b.  Since  the  load  resistance  is  in  parallel  with  D,.  the  load  voltage  (VL) 
always  equals  the  zener  voltage  ( Vz ),  as  shown  in  Figure  3.42c.  As  long  as  the  zener  cur¬ 
rent  remains  within  its  allowable  range  of  values,  zener  voltage  and  load  voltage  remain 
relatively  constant.  Therefore,  the  key  to  keeping  the  load  voltage  constant  is  to  keep  the 
zener  current  within  its  specified  range  (between  IZK  and  IZM). 
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FIGURE  3.42  The  basic  zener  voltage  regulator. 

3.7.1  Total  Circuit  Current 

For  a  zener  regulator  like  the  one  shown  in  Figure  3.42c,  the  source  current  is  found  as  ◄  OBJECTIVE  10 


(3.33) 

where  IT  =  the  total  current  drawn  through  Rs 
Vin  =  the  input  voltage 
Vz  =  the  the  nominal  (rated)  zener  voltage 
Rs  =  the  series  resistor 

Example  3.17  demonstrates  the  use  of  this  equation. 

EXAMPLE  3.17 _ 

Determine  the  total  circuit  current  for  Figure  3.43. 


Rs 

2.2  k  n 

+20  V  o - VVV 


<Rl 

>10kfl 


FIGURE  3.43 
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Solution:  With  an  applied  voltage  of  20  V  and  a  zener  voltage  of  9. 1  V,  the  total 
circuit  current  is  found  as 


Vin-Vz  20  V -9.1V  JM>  , 

/_  = -  = - — —  =  4.95  m  A 

T  R .  2.2  kfl 


Practice  Problem  3.17 

A  circuit  like  the  one  shown  in  Figure  3.43  has  a  15  Vdc  source,  a  1.5  kfl  series 
resistor,  and  a  12  V  zener  diode.  What  is  the  value  of  IT  for  the  circuit? 


3.7.2  The  Basis  of  Equation  (3.33) 

In  the  regulator  shown  in  Figure  3.43,  the  total  circuit  current  passes  through  the  series 
resistor,  Rs.  Therefore, 


Since  VRS  is  equal  to  the  difference  between  the  input  voltage  (Vin)  and  the  zener  voltage 
(Vz),  the  above  equation  can  be  written  as 


3.7.3  Load  Current 

Since  the  load  resistance  ( RL )  is  in  parallel  with  the  zener  diode,  the  voltage  across  the 
load  always  equals  Vz.  Thus,  the  load  current  can  be  found  as 


(3.34) 


Example  3.18  demonstrates  the  use  of  this  equation. 


EXAMPLE  3.18 _ 

Determine  the  load  current  for  the  circuit  shown  in  Figure  3.43. 

Solution :  With  a  9. 1  V  zener  and  a  10  kfl  resistor,  the  total  load  current  is  found  as 


Practice  Problem  3.18 

The  zener  voltage  regulator  described  in  Practice  Problem  3.17  has  a  12  kfl  load 
resistance.  What  is  the  value  of  load  current  for  the  circuit? 


3.7.4  Zener  Current 

Since  the  zener  diode  and  the  load  resistance  are  in  parallel,  the  sum  of  Iz  and  I L  equals 
the  total  circuit  current.  Thus, 

lz  =  lT~  h  (3.35) 
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where  Iz  =  the  total  zener  current 
IT  =  the  total  circuit  current 
I i  =  the  load  current 

Example  3.19  demonstrates  the  procedure  for  determining  the  value  of  Iz. 

EXAMPLE  3.19 _ 

Determine  the  load  current  and  zener  current  for  the  circuit  shown  in  Figure  3.43. 

Solution:  In  Example  3.17,  we  determined  IT  to  be  4.95  mA.  In  Example  3.18, 
we  determined  the  value  of  IL  to  be  910  p-A.  Therefore, 

4  =  4-4  =  4.95  mA  -  910  jxA  =  4.04  mA 
Practice  Problem  3.19 

Determine  the  value  of  the  zener  current  for  the  circuit  described  in  Practice  Prob¬ 
lems  3.17  and  3.18. 


3.7.5  Load  Variations 

It  was  stated  earlier  a  zener  regulator  maintains  a  relatively  constant  output  voltage  as 
long  as  zener  current  stays  between  IZK  and  IZM.  The  possible  effects  of  load  resistance 
variations  on  zener  current  are  illustrated  in  Figure  3.44.  If  load  resistance  is  reduced  to 
0  fl  (Figure  3.44a),  all  circuit  current  passes  through  the  load.  In  this  case,  zener  current 
drops  below  IZK,  and  the  diode  stops  regulating  the  output  voltage.  If  the  load  resistance  is 
increased  to  co  (1  (Figure  3.44b),  total  circuit  current  passes  through  the  zener  diode.  In 
this  case,  the  diode  may  be  destroyed  unless  the  value  of  Rs  is  high  enough  to  keep  the 
value  of  Iz  from  exceeding  IZM. 


Regulation  is  lost  when  the  load  is  shorted.  Total  circuit  current  is  drawn  through  the  zener 

when  the  load  is  open. 

(a)  (b) 

FIGURE  3.44  The  effects  of  load  variation  on  the  operation  of  a  zener  voltage  regulator. 


What  are  the  practical  limits  on  the  value  of  RL1  The  minimum  value  of  R,  is  deter¬ 
mined  by  the  zener  voltage  and  the  value  of  IZK.  To  maintain  zener  regulation,  the  mini¬ 
mum  zener  current  must  be  equal  to  IZK.  Therefore, 


Since  4(max)  occurs  when  the  load  resistance  is  at  a  minimum, 


(3.36) 


This  relationship  is  illustrated  in  Example  3.20. 
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The  zener  diode  shown  in  Figure  3.45  has  values  of  IZK  =  3  mA  and  IZM  =  100  mA. 
What  is  the  minimum  allowable  value  of  RL1 


FIs 
i  kn 


FIGURE  3.45 


Diode  current  ratings:  Izk=  3  mA 
Izm  =100  mA 


Solution:  First,  the  total  circuit  current  is  found  as 


Vin  -Vz  20  V  -  3.3  V 


R* 


1  kO 


16.7  mA 


Now,  4(max)  is  found  as 


lumas)  ~  It  ~  Izk  ~  16.7  mA  3  mA  —  13.7  mA 


and 


R 


X(min) 


^£(raax) 


3.3  V 
13.7  mA 


=  241  ft 


Practice  Problem  3.20 

If  the  diode  shown  in  Figure  3.45  has  values  of  Vz  =  5.1  V  and  lZK  =  5  mA,  what 
is  the  minimum  allowable  value  of  RL  for  the  circuit? 


Full  load 

A  minimum  load  resistance  that 
draws  maximum  current. 


For  the  circuit  shown  in  Figure  3.45,  the  zener  maintains  a  relatively  constant  output  volt¬ 
age  as  long  as  RL  does  not  go  below  241  ft.  If  RL  goes  below  this  value,  IL  will  increase 
above  its  maximum  allowable  value,  and  /z  will  drop  below  IZK.  The  diode  will  then  stop 
regulating  the  output  voltage.  Note  that  a  load  that  draws  maximum  current  is  referred  to 

as  a  full  load. 

3.7.6  Load  Regulation 


Load  regulation 

The  ability  of  a  regulator  to 
maintain  a  constant  load 
voltage  despite  anticipated 
variations  in  load  current 
demand. 


You  have  been  shown  that  the  zener  regulator  can  maintain  a  relatively  constant  load  volt¬ 
age  for  a  range  of  load  current  values.  The  ability  of  a  regulator  to  maintain  a  constant 
load  voltage  despite  anticipated  changes  in  load  current  demand  is  called  load 
regulation.  Load  regulation  is  discussed  in  detail  in  Chapter  21. 


3.7.7  Zener  Reduction  of  Ripple  Voltage 

The  zener  regulator  provides  an  added  bonus:  It  reduces  the  amount  of  ripple  voltage  pre¬ 
sent  at  the  filter  output.  The  effect  that  the  regulator  has  on  ripple  voltage  is  easy  to 
understand  when  you  consider  the  equivalent  circuit  of  the  diode.  The  basic  zener  regula¬ 
tor  and  its  equivalent  circuit  are  shown  in  Figure  3.46.  You  may  recall  from  Chapter  2  that 
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zener  impedance  (Zz)  is  a  dynamic  value;  that  is,  it  is  the  opposition  that  a  zener  diode 
presents  to  a  change  in  voltage  or  current.  Since  ripple  voltage  is  a  changing  quantity,  it 
is  affected  by  Zz. 


+  VinO 


A/W 


FIGURE  3.46 


(a) 


To  the  ripple  waveform,  there  is  a  voltage  divider  present  in  the  regulator.  This  voltage 
divider  is  made  up  of  the  series  resistance  ( Rs )  and  the  parallel  combination  of  Zz  and  the 
load.  The  ripple  output  from  the  regulator  can  be  found  as 


(ZzIIRl) 


Kr(out)  1 


(Zz\\Rl)  +  Rs 


V, 


(3.37) 


where  Vrtam)  =  the  ripple  present  at  the  regulator  output 

(Zz  II R,  )  =  the  parallel  combination  of  Zz  and  the  load  resistance 
Rs  =  the  regulator  series  resistance 

K  =  the  peak-to-peak  ripple  voltage  present  at  the  regulator  input 
Example  3.21  demonstrates  the  use  of  this  equation. 

EXAMPLE  3.21 _ 

The  filtered  output  from  a  full-wave  rectifier  has  a  peak-to-peak  ripple  voltage  of 
1.5  V.  If  this  signal  is  applied  to  the  circuit  shown  in  Figure  3.47,  what  will  the  rip¬ 
ple  at  the  load  equal? 


Solution:  The  zener  regulator  is  shown  to  have  values  of  RL=  120  fi  and  Zz  =  5  11 
With  a  51  11  series  resistor  and  a  ripple  input  of  1.5  Vpp,  the  ripple  at  the  output  of 
the  regulator  is  found  as 


(ZzWRD 


'  >1out) 


- —  v  =  - 

n  rr  , 


4.8  0 


(Zz\\RL)  +  Rs  r  4.8  0  +  510 


(1-5  Vpp)  =  129  mV„ 
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Practice  Problem  3.21 

A  zener  regulator  has  a  91  fi  series  resistance,  a  200  Cl  load  resistance,  and  a  zener 
impedance  that  equals  25  Cl.  If  the  input  ripple  to  the  circuit  is  1 .2  Vpp,  what  is  the 
amount  of  load  ripple? 


As  the  example  shows,  a  voltage  regulator  substantially  reduces  any  ripple  present  at  the 
output  of  a  power  supply  filter. 

At  this  point,  you  have  been  shown  the  basic  operating  principles  of  the  voltage  regu¬ 
lator  and  the  other  circuits  that  make  up  the  basic  dc  power  supply.  Now,  we’re  going  to 
put  them  all  together  and  analyze  the  operation  of  a  complete  dc  power  supply. 


Section  Review  ►  1.  Why  must  zener  current  in  a  voltage  regulator  be  kept  within  its  specified  limits? 

2.  What  is  a  full  load! 

3.  How  does  a  zener  voltage  regulator  reduce  the  ripple  voltage  from  a  filter? 


3.8  Putting  It  All  Together 


We  have  discussed  the  operation  of  transformers,  rectifiers,  filters,  and  zener  regulators  in 
detail.  Now,  it  is  time  to  put  them  all  together  into  a  basic  working  power  supply.  In  this 
section,  we  will  analyze  the  basic  power  supply  shown  in  Figure  3.48. 


FIGURE  3.48 


The  power  supply  shown  contains  a  transformer,  bridge  rectifier,  capacitive  filter,  and 
zener  diode  voltage  regulator.  The  transformer  converts  the  incoming  line  voltage  to  a 
lower  secondary  voltage.  The  bridge  rectifier  converts  the  transformer  secondary  ac  volt¬ 
age  into  a  positive  pulsating  dc  voltage.  This  pulsating  dc  voltage  is  applied  to  the  capaci¬ 
tive  filter,  which  reduces  the  variations  in  the  rectifier  dc  output  voltage.  Finally,  the  zener 
voltage  regulator  performs  two  functions: 

1.  It  reduces  the  ripple  (variations)  in  the  output  voltage. 

2.  It  ensures  that  the  dc  output  voltage  from  the  power  supply  (Vdc)  will  remain  rela¬ 
tively  constant  despite  variations  in  load  current  demand. 

Thus,  the  combination  of  the  four  circuits  has  converted  an  ac  line  voltage  to  a  steady 
dc  supply  voltage  that  remains  relatively  constant  when  load  current  demands  change. 

OBJECTIVE  11  ►  Our  goal  in  analyzing  a  basic  power  supply  is  to  determine  the  values  of  dc  output 
voltage  (Vdc),  ripple  voltage  (Vr),  and  load  current  (If).  The  procedure  for  determining 
these  values  is  as  follows: 

1.  Determine  the  rms  value  of  the  transformer  secondary  voltage. 

2.  Determine  the  value  of  Fs(pk). 

3.  Determine  the  peak  rectifier  output  voltage. 


116 


Chapter  3  Common  Diode  Applications 


4.  Determine  the  total  current  through  the  series  resistor.  This  current  value  (desig¬ 
nated  as  IR)  will  be  used  when  calculating  the  value  of  ripple  voltage. 

5.  Determine  the  value  of  ripple  voltage  from  the  filter. 

6.  Find  Vdc  at  the  output.  This  value  equals  the  Vz  rating  of  the  zener  diode  under  nor¬ 
mal  circumstances. 

7.  Using  the  rated  value  of  Zz,  approximate  the  final  ripple  output  voltage. 

8.  Using  Vz  and  RL,  determine  the  value  of  load  current. 

Example  3.22  illustrates  the  process  for  analyzing  the  schematic  of  a  basic  power 
supply. 


EXAMPLE  3.22 _ 

Determine  the  values  of  Vdc,  Vr,outJ,  and  IL  for  the  power  supply  shown  in  Figure  3.48. 

Solution:  First,  we  must  convert  the  rated  value  of  the  transformer  secondary 
voltage  to  a  peak  value  as  follows: 


36 

0.707 


51  V 


Now,  we  determine  the  value  of  peak  voltage  at  the  filter  input. 


Fpk  —  v< 


•S(pk) 


1.4  V 


49.6  V 


Next,  we  assume  that  we  have  a  dc  source  voltage  of  49.6  V.  Using  49.6  V  as  our 
value  for  Vin,  we  determine  the  value  of  the  current  through  the  series  resistor  as 
follows: 


We  now  use  the  value  of  IR  =  261.3  mA  to  determine  the  value  of  Vr  as  follows: 


ijgj| 


_  (261.3  mA)(8.33  ms) 

'  C  2200  up  ™ 


PP 


As  stated  earlier,  the  dc  output  voltage  from  the  power  supply  equals  the  value  of 
Vz.  By  formula, 

Vdc  =  Vz  =  30  V 
and 


Vz 

Ir  ~  -  =  - 


100mA 


Finally,  the  value  of  VUout)  is  found  as 


(Zz II Rd  K  =  Jon  (9g9 jnVpp)  =  396 mVp 


Vr(uul'  (Zz\\RL)  +  Rs'r  125  fi 


Practice  Problem  3.22 

A  power  supply  like  the  one  shown  in  Figure  3.48  has  the  following  values:  Vs  = 
24  Vac  (rated),  C  =  470  |xF,  Rs  =  500  -Q,  Vz  =  10  V,  Zz  =  20  Cl,  and  RL=  5.1  kfi. 
Determine  the  values  of  Vdc,  IL,  and  VKout)  for  the  circuit. 
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Earlier  in  the  chapter,  you  were  told  that  zener  voltage  regulators  are  not  commonly 
used.  One  reason  is  that  zener  diodes  waste  a  significant  amount  of  power.  Consider  the 
circuit  we  analyzed  in  Example  3.22.  The  current  through  Rs  was  found  to  be  261.3  mA. 
With  100  mA  being  drawn  through  the  load,  the  zener  current  is  found  as 

Iz  =  261.3  mA  -  100  mA  =  161.3  mA 


and  the  power  dissipated  by  the  zener  is  found  as 

Pz  =  /zVz  =  (161.3  mA)(30  V)  =  4.84  W 


which  is  greater  than  the  load  power  (3  W). 


Section  Review  ►  1.  What  is  the  goal  of  power  supply  analysis?  In  other  words,  what  values  are  you  try¬ 

ing  to  determine? 

2.  Why  are  transistor  and/or  IC  voltage  regulators  preferred  over  zener  voltage 
regulators? 


3.9  Power  Supply  Troubleshooting 


OBJECTIVE  12  ►  Power  supply  faults  may  occur  in  the  transformer,  rectifier  diodes,  filter,  or  voltage  regu¬ 
lator.  When  a  fault  develops  in  a  power  supply,  the  type  of  symptom  and  a  few  simple 
tests  will  tell  you  where  the  fault  is  located.  In  this  section,  we  will  take  a  look  at  some 
common  power  supply  fault  symptoms  and  the  tests  used  to  isolate  a  faulty  component. 


3.9.1  Primary  Fuse 

Every  power  supply  contains  a  fuse  that  is  located  in  the  primary  circuit  of  the  supply. 
This  fuse  is  normally  placed  in  series  with  the  primary  of  the  transformer,  as  shown  in 
Figure  3.49. 


(a)  A  half-wave  rectifier  with  a  shorted  diode 


Fuse  blows  as  a 
result  of  excessive 
secondary  current 


(b)  A  full-wave  rectifier  with  a  shorted  diode 

FIGURE  3.49 
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If  a  fault  in  a  power  supply  causes  an  extremely  high  amount  of  current  to  be  drawn 
from  the  transformer,  the  primary  fuse  will  blow  (open).  When  this  happens,  the  ac  line 
input  from  the  wall  outlet  is  prevented  from  reaching  the  power  supply.  This  eliminates  the 
excessive  current,  protecting  the  power  supply  and  the  technician  who  is  working  on  it. 

Many  power  supplies  use  slow-blow  fuses.  Slow-blow  fuses  are  designed  to  handle  the 
high  surge  current  produced  when  a  power  supply  is  first  turned  on.  At  the  same  time,  if 
the  current  demand  on  a  slow-blow  fuse  is  too  high  for  a  long  enough  period  of  time 
(usually  around  2  to  4  seconds),  the  slow-blow  fuse  opens  to  protect  the  circuits. 

When  a  power  supply  fuse  needs  to  be  replaced,  you  must  use  the  same  value  and  type 
of  fuse.  Never,  under  any  circumstances,  use  a  fuse  that  has  a  higher  current  rating  than 
the  one  you  are  replacing.  Using  a  higher-value  fuse  will  defeat  the  purpose  of  the  fuse 
(protecting  the  circuit  from  excessive  current)  and  create  a  safety  hazard. 

As  you  will  see  throughout  this  section,  many  power  supply  faults  will  cause  the  pri¬ 
mary  fuse  to  blow,  while  many  others  will  not.  When  a  fault  causes  the  primary  fuse  to 
blow,  simply  replace  the  fuse  after  the  fault  is  diagnosed  and  corrected. 

3.9.2  Transformer  Faults 


A  Word  of  Caution: 

When  you  begin  to  work  in  the 
field,  you  may  meet  some 
technicians  who  will  use  a  wire 
to  “defeat”  (bypass)  the  primary 
fuse  in  a  faulty  power  supply. 
This  allows  the  power  supply  to 
operate  under  circumstances 
that  would  normally  cause  a 
•n  shutdown.  Never  defeat 
power  supply.  You 
starting  a  fire,  blit 
also  be  injured  or 

"y 


The  transformer  in  a  power  supply  may  develop  one  of  several  possible  faults: 

1.  A  shorted  primary  or  secondary  winding. 

2.  An  open  primary  or  secondary  winding. 

3.  A  short  between  the  primary  or  secondary  winding  and  the  transformer  frame. 

In  most  cases,  a  shorted  primary  or  secondary  winding  will  cause  the  fuse  to  blow.  If  the 
fuse  does  not  blow,  the  dc  output  from  the  power  supply  will  be  extremely  low,  and 
the  transformer  itself  will  get  extremely  hot. 

If  the  primary  or  the  secondary  winding  of  the  transformer  opens,  the  output  from  the 
power  supply  will  drop  to  zero.  In  this  case,  the  primary  fuse  will  not  blow.  If  you  believe 
that  either  transformer  winding  is  open,  a  simple  resistance  check  of  the  winding  will  ver¬ 
ify  your  suspicions.  If  either  winding  reads  a  very  high  resistance,  the  winding  is  open. 

If  either  winding  shorts  to  the  transformer  casing,  the  result  will  be  a  blown  fuse.  This 
fault  is  isolated  by  checking  the  resistance  from  the  winding  leads  to  the  transformer  cas¬ 
ing.  A  low  resistance  measurement  indicates  that  a  winding-to-case  short  circuit  exists. 

With  any  of  the  problems  above,  the  repair  procedure  is  simple.  You  must  replace  the 
transformer. 


3.9.3  Rectifier  Faults 

The  half-wave  rectifier  is  the  easiest  rectifier  to  troubleshoot.  If  the  diode  in  the  rectifier 
shorts,  the  output  from  the  rectifier  will  be  a  sine  wave  that  is  identical  to  Vs.  This  is  illus¬ 
trated  in  Figure  3.49a.  Since  the  diode  is  shorted,  it  acts  as  a  straight  piece  of  wire.  There¬ 
fore,  neither  half-cycle  of  the  input  (Vs)  is  eliminated,  and  the  output  is  a  replica  of  Vs. 

If  the  diode  in  the  half-wave  rectifier  opens,  the  output  from  the  circuit  will  drop  to 
zero.  If  the  rectifier  diode  is  either  shorted  or  open,  simply  replace  the  diode. 

In  a.  full -wave  rectifier,  a  shorted  diode  will  cause  the  power  supply  fuse  to  blow.  Fig¬ 
ure  3.49b  shows  the  effects  of  a  shorted  D2  on  circuit  operation.  Note  that  the  diode  has 
been  replaced  by  a  straight  wire.  When  D{  is  forward  biased  by  Vs,  the  transformer  sec¬ 
ondary  is  shorted  through  Dt.  This  produces  excessive  current  in  the  secondary,  causing 
the  primary  fuse  to  blow. 

If  you  suspect  that  either  diode  in  a  full-wave  rectifier  has  shorted,  simply  measure  the 
reverse  resistance  of  both  diodes.  In  each  case,  the  diode  should  have  a  very  high  reverse 
resistance.  If  the  reverse  resistance  of  either  diode  is  extremely  low,  replace  the  diode. 

If  a  diode  in  a  full-wave  rectifier  opens,  the  output  from  the  rectifier  will  resemble  the 
output  from  a  half-wave  rectifier.  The  output  ripple  voltage  will  approximately  double, 
and  the  ripple  frequency  will  go  from  120  to  60  Hz.  In  this  case,  measure  the  diode  resis¬ 
tances,  and  look  for  a  large  value  of  forward  resistance.  When  you  have  such  a  reading, 
replace  the  diode. 


A  Practical  Consideration: 

If  one  diode  in  a  rectifier  goes 
bad,  it  will  usually  damage  or 
destroy  one  or  more  of  the 
other  rectifier  diodes  in  the 
.process.  If  you  determine  the 
fault  to  be  in  the  rectifier  of  a 
powei  -apply. ;  >  should 
replace  ailfjt&  diodes 


A  Practical  Consideration: 

Be  sure  to  disconnect  either 
end  of  any  diode  before 
measuring  its  reverse 
:  resistance.  Otherwise,  you  may 
obtain  a  tj'iltv  read  mg  u  iused 
bvthecompon  it 

Idtodei. 
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The  symptoms  for  shorted  and  open  diodes  in  the  bridge  rectifier  are  the  same  as  those 
for  full-wave  rectifiers.  In  the  case  of  the  bridge  rectifier,  you  simply  have  more  diodes 
that  must  be  tested. 


3.9.4  Filter  Faults 


When  working  with  filter  capacitors,  technician  safety  is  very  important.  The  hazard  of 
electrical  shock  or  heat  burns  is  always  present.  Capacitors  store  an  electrical  charge,  and 
they  can  retain  that  charge  even  after  the  power  switch  has  been  turned  off  or  the  ac  plug 
has  been  disconnected.  As  a  safety  precaution,  capacitors  should  be  discharged  by  short¬ 
ing  the  terminals  with  a  50  to  100  fl  resistor  before  desoldering  them  or  taking  any  mea¬ 
surements.  Besides  being  a  danger  to  the  technician,  test  equipment  can  be  damaged  if 
any  capacitors  remained  charged.  Many  power  supply  circuits  have  bleeder  resistors  con¬ 
nected  directly  across  the  capacitor  terminals  so  that,  if  the  load  is  disconnected  from  the 
power  supply,  the  capacitors  still  discharge.  Otherwise,  the  capacitor  could  stay  charged 
until  the  voltage  bleeds  off  internally  through  leakage. 

When  a  fdter  capacitor  shorts,  the  primary  fuse  will  blow.  The  reason  for  this  is  illus¬ 
trated  in  Figure  3.50.  When  the  filter  capacitor  shorts,  it  shorts  out  the  load  resistance. 
This  has  the  same  effect  as  wiring  the  two  sides  of  the  bridge  together  (Figure  3.50a).  If 
you  trace  from  the  high  side  of  the  bridge  to  the  low  side,  you  will  see  that  the  only  resis¬ 
tance  across  the  secondary  of  the  transformer  is  the  forward  resistance  of  the  two 
conducting  diodes.  This  effectively  shorts  out  the  transformer  secondary,  causing  exces¬ 
sive  secondary  current  and  a  blown  fuse  in  the  primary. 

When  checking  for  a  shorted  filter  capacitor,  simply  measure  the  resistance  of  the 
component,  as  shown  in  Figure  3.50b.  If  the  capacitor  is  shorted,  you  will  measure  a  very 
low  resistance.  Be  sure  to  disconnect  the  capacitor  from  the  line  before  measuring  its 
resistance.  This  will  prevent  you  from  forward  biasing  a  rectifier  diode  with  the  meter, 
which  will  give  you  a  faulty  reading. 


Fuse  blows  as  a 
result  of  excessive 
secondary  current 


(a)  The  faulty  capacitor  shorts  out  the  transformer  secondary 


(b)  Testing  the  filter  capacitor  with  an  ohmmeter 
FIGURE  3.50  Shorted  C  effects  and  testing. 
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When  electrolytic  capacitors  get  old,  the  electrolyte  tends  to  dry  out.  This  process  is 
accelerated  when  the  capacitor  is  exposed  to  high  temperatures,  such  as  those  in  a  power 
supply.  As  the  electrolyte  dries  out,  the  capacitor  tends  to  lose  capacity.  For  example,  a 
1000  |xF  capacitor  may  drop  to  700  p,F.  This  reduced  capacitance  causes  the  ripple  volt¬ 
age  to  increase.  As  the  capacitor  continues  to  dry  out,  it  eventually  becomes  an  open. 
There  are  several  ways  to  check  the  quality  of  a  capacitor.  The  best  way  is  to  check  its 
value  with  a  capacitance  checker.  Another  way  of  checking  for  reduced  capacitance  is  to 
place  an  identical  good  capacitor  in  parallel  with  the  suspected  bad  one.  If  the  ripple 
decreases  by  more  than  50%,  the  suspect  capacitor  is  probably  bad  and  should  be 
replaced.  An  open  filter  capacitor  will  display  similar  symptoms  and  must  also  be 
replaced. 


Caution:  Be  very  careful  when 
replacing  electrolytic 
capacitors.  If  you  connect  an 
electrolytic  capacitor  backward 

in  a  high-current  circuit  (such 
as  a  power  supply),  it  will 

become  hot 
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3.9.5  Zener  Regulator  Faults 

If  a  zener  diode  shorts,  the  symptoms  are  the  same  as  those  for  a  shorted  filter  capacitor. 
When  the  output  symptoms  indicate  a  short,  simply  disconnect  the  zener  diode  from  the 
line  and  connect  a  voltmeter  across  the  output.  If  the  zener  diode  is  the  source  of  the 
short,  the  power  supply  output  will  resemble  that  of  a  filtered  rectifier.  If  the  short  cirucit 
symptoms  remain,  the  zener  diode  is  not  the  cause  of  the  problem. 

If  the  zener  diode  opens,  the  peak  output  voltage  and  ripple  will  both  increase.  At  the 
same  time,  voltage  regulation  will  be  lost.  Thus,  you  will  see  a  significant  amount  of  vari¬ 
ation  in  the  output  when  the  load  current  demands  change. 


3.9.6  Secondary  Fuses 

Many  power  supply  circuits  have  fuses  installed  in  the  secondary  dc  outputs.  One  purpose 
for  multiple  fuses  in  the  secondary  is  that,  if  one  section  of  a  system  fails,  causing  a 
blown  fuse,  the  rest  of  the  system  will  remain  functional.  Multiple  fuses  also  allow  differ¬ 
ent  areas  of  a  system  to  be  fused  at  different  current  levels.  For  example,  a  videocassette 
recorder  (VCR)  normally  has  a  separate  fuse  for  each  power  supply  output.  This  allows 
the  remaining  parts  of  the  system  to  operate  when  one  part  fails. 

3.9.7  Troubleshooting  Applications 

It  is  easy  to  tell  you  about  common  power  supply  faults  and  their  causes.  However,  it  is 
not  always  easy  initially  to  apply  these  fault/cause  relationships  to  actual  circuit  prob¬ 
lems.  In  this  section,  we  go  through  several  example  troubleshooting  cases  to  show  how 
a  little  thought  and  some  simple  testing  can  help  you  to  diagnose  basic  power  supply 
faults. 


Symptoms 

When  the  power  supply  shown  in  Figure  3.51  is  first  turned  on,  the  output  is  normal.  After  a  few 
minutes,  the  dc  output  voltage  drops  to  almost  zero,  and  then  the  primary  fuse  blows. 


Application  3.1 


FIGURE  3.51 
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Observation 

Some  components  operate  as  they  should  when  cool  and  develop  the  symptoms  of  a  short  when 
they  get  hot.  Electrolytic  capacitors  are  extremely  susceptible  to  this  type  of  problem.  For  this  rea¬ 
son,  the  capacitor  is  suspected  of  being  the  cause  of  the  problem. 

Testing 

To  diagnose  the  possible  capacitor  problem,  the  capacitor  must  be  heated  in  one  way  or  another. 
This  is  because  the  problem  is  heat  related.  A  soldering  iron  connected  to  one  of  the  capacitor  leads 
will  heat  the  component  enough  for  testing  purposes. 

An  ohmmeter  is  connected  in  the  circuit  as  shown  in  Figure  3.50b.  When  first  connected,  the 
ohmmeter  reads  a  relatively  high  resistance.  When  the  hot  soldering  iron  is  connected  to  the  capaci¬ 
tor  lead,  the  component  starts  to  get  hot.  After  a  moment,  the  resistance  reading  on  the  meter  drops 
to  a  very  low  value. 

Conclusion 

Since  the  capacitor  resistance  dropped  when  temperature  increased,  the  component  is  leaky  (par¬ 
tially  shorted)  and  must  be  replaced.  ® 


There  is  an  alternative  method  to  test  a  capacitor  suspected  of  being  leaky.  Replace  the 
primary  fuse,  and  turn  on  the  power  supply.  When  the  output  voltage  first  drops,  spray  the 
capacitor  with  a  specially  made  aerosol  coolant.  Such  coolants  are  available  at  most  elec¬ 
tronic  parts  stores.  If  the  output  voltage  goes  back  to  normal  when  the  capacitor  is  cooled, 
the  capacitor  is  leaky  and  must  be  replaced. 


Application  3.2 


Symptoms 

When  the  power  supply  shown  in  Figure  3.51  is  turned  on,  the  transformer  becomes  extremely  hot, 
and  the  dc  output  voltage  is  nearly  zero.  After  a  moment,  the  primary  fuse  blows. 


Observation 

The  symptoms  listed  are  classic  for  a  shorted  transformer  primary  or  secondary.  For  this  reason,  the 
transformer  is  tested. 


Testing 

The  typical  power  supply  transformer  has  a  primary  resistance  around  10  to  50  fl  and  a  secondary 
resistance  of  10  fl  or  less.  When  tested,  the  transformer  gives  resistance  readings  of  RP  =  5  Cl  and 
Rs  =  8  fl 

Conclusion 

Since  the  primary  resistance  is  extremely  low,  the  transformer  primary  must  be  shorted.  Replacing 
the  transformer  corrects  the  problem.  ® 


Some  transformers  have  a  secondary  resistance  rating  printed  on  the  side  of  the  com¬ 
ponent.  To  determine  the  approximate  value  of  primary  resistance,  multiply  the  secondary 
resistance  by  the  turns  ratio.  For  example,  a  transformer  with  a  secondary  resistance  of 
1.5  fi  and  a  turns  ratio  of  20:1  has  a  primary  resistance  of  approximately  1.5  fl  X  20  = 
30  fl  (assuming  the  component  isn’t  faulty). 


Application  3.3 


Symptoms 

The  power  supply  shown  in  Figure  3.51  has  a  dc  output  voltage  that  is  approximately  half  its  rated 
value  and  a  large  amount  of  ripple  voltage. 


Observation 

These  symptoms  can  be  caused  only  by  an  open  filter  capacitor. 


Testing 

None  is  required. 

Conclusion 

The  capacitor  filter  must  be  replaced. 
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Symptoms 

The  cassette  drive  motor  of  a  VCR  does  not  operate  when  the  play  function  is  selected.  Other  sys¬ 
tem  circuits,  such  as  the  electronic  clock  and  channel  tuner,  are  functioning  normally. 

Observation 

When  a  problem  develops  in  any  electronics  system,  one  of  the  first  tests  is  to  check  the  power  sup¬ 
ply  input(s)  to  the  circuits  that  appear  to  be  faulty. 

Testing 

The  normal  dc  supply  input  to  the  motor  drive  circuit  is  12  Vdc.  When  this  input  is  checked,  it  mea¬ 
sures  0  V.  The  circuit  input  is  traced  back  to  a  power  supply  secondary  fuse,  which  is  visually  deter¬ 
mined  to  be  open.  The  secondary  fuse  must  be  replaced.  ■ 


An  important  point  should  be  made  at  this  time:  Although  it  may  seem  obvious  from 
earlier  discussions,  fuses  don’t  open  arbitrarily.  They  are  caused  to  open  by  faults  in  their 
loads.  In  other  words,  the  secondary  fuse  in  Application  3.4  most  likely  opened  because 
there  is  a  fault  in  the  motor  drive  circuit.  This  fault  must  be  diagnosed  and  corrected,  or 
the  new  fuse  will  blow  in  a  relatively  short  time. 


3.9.8  What  the  Fuse  Tells  You 

If  you  look  back  through  this  section,  you’ll  notice  that  there  is  a  common  thread  to  trou¬ 
bleshooting  the  circuits  in  the  power  supply:  the  fuse  in  the  transformer  primary  (or  sec¬ 
ondary).  The  condition  of  the  fuse  indicates  whether  the  problem  in  the  power  supply  is  a 
short  or  an  open.  If  the  fuse  is  blown,  a  short  exists  somewhere  in  the  power  supply.  If  it 
is  not  blown,  an  open  exists  somewhere  in  the  supply.  This,  of  course,  assumes  that  there 
is  a  problem  in  the  supply  to  begin  with.  (The  problem  may  be  in  the  load.) 

3.9.9  One  Final  Note 

Commercially  produced  power  supplies  are  far  more  complex  than  the  ones  we  have 
seen  in  this  chapter.  The  main  difference  lies  in  the  voltage  regulator  circuitry,  which 
usually  contains  one  or  more  transistors  and/or  IC  voltage  regulators.  However,  the 
basic  principles  covered  in  this  chapter  apply  to  all  power  supplies.  While  the  exact  cir¬ 
cuitry  used  varies  from  one  power  supply  to  another,  the  basic  principles  of  operation 
do  not. 

You  will  need  to  learn  a  great  deal  about  transistors  and  IC  voltage  regulators  before  you 
will  be  ready  to  take  on  some  of  the  more  complex  power  supply  circuits.  However,  by  the 
time  you  get  to  Chapter  21,  you  will  be  ready  to  deal  with  the  complex  circuits  covered. 


1.  List  the  common  transformer  faults  and  their  symptoms. 

2.  What  should  you  do  when  you  diagnose  a  rectifier  diode  fault? 

3.  List  the  common  filter  faults  and  their  symptoms. 

4.  List  the  common  voltage  regulator  faults  and  their  symptoms. 

5.  What  does  the  condition  of  the  primary  (or  secondary)  fuse  in  a  dc  power  supply  tell 
you? 


Here  is  a  summary  of  the  major  points  made  in  this  chapter: 

1.  The  power  supply  of  an  electronic  system  is  used  to  convert  the  ac  energy  provided 
by  the  wall  outlet  to  dc  energy. 

2.  There  are  two  basic  types  of  power  supplies:  linear  and  switching.  Basic  linear 
power  supply  circuits  are  the  focus  of  this  chapter. 


Application  3.4 
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3.  A  basic  linear  power  supply  consists  of  a  rectifier,  a  filter,  and  a  voltage  regulator 
(see  Figure  3.1). 

a.  In  many  cases,  the  ac  line  input  is  coupled  to  the  power  supply  via  a  transformer 
(as  shown  in  Figure  3.1b). 

b.  The  rectifier  is  a  diode  circuit  that  converts  ac  to  pulsating  dc. 

c.  The  filter  reduces  the  variations  in  the  output  voltage  from  the  rectifier. 

d.  The  voltage  regulator  maintains  a  relatively  constant  output  voltage  from  the 
power  supply. 

4.  The  three  basic  types  of  transformers  are  listed  below,  along  with  their  voltage  and 
current  characteristics: 


Transformer  Type 

Voltage 

Current 

Step-down 

VS<VP 

Is  ->  Ip 

Step-up 

Vg  >  Vp 

Is  <-  Ip 

Isolation 

£ 

ill 

s? 

Is  —  Ip 

5.  The  turns  ratio  of  a  transformer  is  the  ratio  of  primary  turns  to  secondary  turns. 

a.  The  input-to-output  voltage  ratio  of  a  transformer  is  equal  to  its  turns  ratio. 

b.  The  input-to-output  current  ratio  equals  the  reciprocal  of  the  turns  ratio. 

6.  Many  transformers  have  secondary  voltage  ratings.  These  ratings  indicate  the  ac 
output  voltage  produced  by  the  component  with  a  120  Vac  input. 

7.  The  half-wave  rectifier  is  simply  a  diode  that  is  placed  in  series  between  a  trans¬ 
former  and  its  load. 

8.  The  diode  in  the  half-wave  rectifier  eliminates  either  the  negative  or  positive  alter¬ 
nations  of  the  transformer  output. 

a.  A  positive  half-wave  rectifier  eliminates  the  negative  alternations  of  the  trans¬ 
former  output.  As  a  result,  the  rectifier  output  contains  only  positive  alternations. 

b.  A  negative  half-wave  rectifier  eliminates  the  positive  alternations  of  the  transformer 
output.  As  a  result,  the  rectifier  output  contains  only  negative  alternations. 

9.  Half-wave  rectifiers  are  inexpensive  to  produce  but  very  inefficient.  As  a  result, 
they  are  typically  used  in  noncritical,  low-current  applications. 

10.  The  operation  of  a  typical  half-wave  rectifier  is  illustrated  in  Figures  3.6  and  3.7. 

11.  The  direction  of  the  rectifier  diode  determines  the  output  polarity  for  half-wave  rec¬ 
tifiers,  as  follows: 


Rectifier  Type  Connections 


Positive 

Anode  — >  transformer 

Cathode  — >  load 

Negative 

Cathode  — >  transformer 

Anode  ->  load 

These  connections  are  compared  in  Figure  3.9. 

12.  The  average  load  voltage  from  an  ac  circuit  is  the  reading  you  get  when  the  voltage 
is  measured  with  a  dc  voltmeter. 

13.  The  average  load  current  from  an  ac  circuit  is  the  reading  you  get  when  the  current 
is  measured  with  a  dc  ammeter. 

14.  One  rectifier  diode  can  be  substituted  for  another  when: 

a.  The  I0  rating  of  the  diode  is  greater  than  the  circuit  value  of  /ave. 

b.  The  VRRM  rating  of  the  diode  is  greater  than  the  circuit  PIV. 

15.  A  full-wave  rectifier  produces  a  single-polarity  output  by  converting  negative  alter¬ 
nations  to  positive  alternations  (or  vice  versa). 

a.  A  full-wave  rectifier  requires  the  use  of  a  center-tapped  transformer. 

b.  The  operation  of  a  full-wave  rectifier  is  illustrated  in  Figure  3.17. 
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16.  The  output  polarity  of  a  full-wave  rectifier  is  determined  by  the  direction  of  the 
diodes  as  follows: 


Rectifier  Type 

Connections 

Positive 

Anodes  — >  transformer 

Cathodes  — >  load 

Negative 

Cathodes  — >  transformer 

Anodes  — » load 

17.  The  PIV  produced  by  a  full-wave  rectifier  is  approximately  twice  the  peak  load 
voltage. 

18.  Half-wave  and  full-wave  rectifiers  are  compared  in  Figure  3.21. 

19.  Half-wave  and  full-wave  rectifiers  produce  nearly  identical  dc  load  voltages  for 
equal  values  of  transformer  secondary  voltage. 

20.  The  bridge  rectifier  is  a  four-diode  full-wave  rectifier.  It  is  the  most  commonly  used 
because: 

a.  It  does  not  require  the  use  of  a  center-tapped  transformer. 

b.  Using  transformers  with  equal  secondary  voltages,  it  produces  nearly  twice  the 
peak  load  voltage,  average  load  voltage,  and  average  load  current  of  a  full-wave 
center-tapped  rectifier. 

21.  The  bridge  rectifier  works  on  the  principle  of  alternating  the  conduction  of  two  diode 
pairs. 

22.  The  operation  of  a  bridge  rectifier  is  illustrated  in  Figure  3.23. 

23.  Figure  3.26  provides  a  comparison  of  half-wave,  full-wave,  and  bridge  rectifiers. 

24.  Rectifiers  are  generally  high-current  circuits.  As  a  result,  the  voltage  developed 
across  the  bulk  resistance  of  a  rectifier  diode  can  produce  a  forward  voltage  of  1  V 
(or  higher). 

25.  Many  rectifier  diodes  are  mounted  to  a  heat  sink  to  keep  them  cool  when  used  in 
high-power  circuits.  This  is  required  (in  part)  because  of  the  high  reverse  current 
values  that  are  typical  for  rectifer  diodes  operated  at  high  temperatures. 

26.  Transformer  tolerances  can  be  in  the  range  of  20%  (or  greater). 

27.  Power  rectifiers  are  components  with: 

a.  Extremely  high  forward  current  and  power  dissipation  ratings. 

b.  Relatively  high  foward  voltage  values,  typically  1  V  or  greater. 

c.  High  reverse  current  ratings. 

d.  Extremely  high  nonrepetitive  surge  current  ratings. 

28.  Integrated  circuit  (IC)  rectifiers  are  complete  rectifier  circuits  housed  in  a  single 
casing.  The  advantages  of  this  technology  include: 

a.  Reduced  cost. 

b.  Ease  of  troubleshooting. 

c.  Identical  operating  temperature  of  all  components  in  the  rectifier,  resulting  in 
equal  values  of  VF  and  reverse  current. 

d.  Ease  of  mounting  the  circuit  on  a  heat  sink. 

29.  The  output  from  a  rectifier  is  normally  connected  to  a  filter  (see  Figure  3.1). 

a.  A  filter  is  a  circuit  that  significantly  reduces  the  variations  in  the  pulsating  dc 
output  from  the  rectifer. 

b.  The  most  commonly  used  filter  is  the  capacitive  filter. 

30.  The  change  in  voltage  that  remains  in  the  output  from  a  filter  is  referred  to  as  ripple 
voltage. 

31.  A  capacitive  filter  works  on  the  principle  of  switching  time  constants  (see  Figure 
3.32). 

a.  The  capacitor  charges  through  the  diode(s).  The  charge  circuit  has  a  short  time 
constant. 

b.  The  capacitor  discharges  through  the  load.  The  discharge  circuit  has  a  long  time 
constant. 
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32.  A  brief  surge  current  is  generated  through  a  filtered  rectifier  when  power  is  first 
applied  to  the  circuit. 

33.  The  greater  the  value  of  a  filter  capacitor,  the  greater  the  magnitude  and  duration  of 
the  surge  current.  Therefore,  surge  current  places  a  practical  limit  on  the  value  of 
any  filter  capacitor. 

34.  When  a  filter  is  connected  to  the  output  of  a  half-wave  rectifier,  the  P1V  applied  to 
the  rectifier  diode  doubles  to  2VS(pk) 

35.  Adding  a  filter  to  a  full-wave  or  bridge  rectifier  does  not  affect  the  PIV  applied  to 
the  rectifier  diodes. 

36.  Surge  current  problems  can  be  eliminated  by  using  a  filter  that  contains  an  inductor 
placed  in  series  between  the  rectifier  output  and  the  load  (see  Figure  3.41). 

37.  LC  filters  provide  the  best  overall  protection  from  surge  currents  and  excessive  rip¬ 
ple  but  are  the  most  expensive  to  use. 

38.  A  zener  diode  acts  as  a  voltage  regulator  when  placed  in  parallel  with  a  power 
supply  load. 

a.  A  zener  maintains  a  relatively  constant  terminal  voltage  as  long  as  the  device 
current  stays  within  specified  limits. 

b.  Zener  regulators  are  rarely  used  because  they  are  extremely  inefficient.  However, 
they  are  commonly  used  to  teach  the  concept  of  voltage  regulation. 

39.  A  zener  regulator  is  in  parallel  with  the  load,  so  VL  =  Vz. 

40.  As  load  resistance  varies  (within  limits),  the  zener  maintains  a  constant  load 
voltage. 

41.  Load  regulation  is  the  ability  of  a  regulator  to  maintain  a  constant  output  voltage 
despite  changes  in  load  current  demand. 

42.  As  shown  in  Figure  3.46,  the  combined  impedance  of  a  zener  regulator  (Zz)  and  the 
load  forms  a  voltage  divider  with  any  series  resistance  (Rs).  This  voltage  divider 
reduces  the  ripple  at  the  output  from  the  filter  (see  Example  3.21). 

43.  Figure  3.48  shows  a  complete  basic  dc  power  supply. 

a.  The  transformer  reduces  the  line  voltage  to  a  lower  secondary  voltage  (36  Vac). 

b.  The  bridge  rectifier  converts  the  36  Vac  to  pulsating  dc. 

c.  The  filter  reduces  the  variations  in  the  output  from  the  rectifier. 

d.  The  zener  regulator  further  reduces  the  ripple  produced  by  the  rectifier  and  helps 
to  ensure  that  a  steady  load  voltage  is  maintained  over  a  range  of  load  current 
demands. 

44.  The  most  common  transformer  faults  are: 

a.  A  shorted  primary  or  secondary  winding. 

b.  An  open  primary  or  secondary  winding. 

c.  A  short  between  the  primary  or  secondary  and  the  transformer  case. 

45.  Any  transformer  short  generally  causes  the  power  supply  fuse  to  blow. 

46.  Any  transformer  open  causes  the  output  from  the  transformer  to  drop  to  zero. 

47.  Any  suspected  fault  in  a  transformer  can  be  verified  using  a  resistance  check  of  the 
circuit  in  question. 

48.  For  a  half-wave  rectifier: 

a.  A  shorted  rectifier  diode  passes  the  ac  secondary  voltage  to  the  load. 

b.  An  open  rectifier  diode  drops  the  load  voltage  to  0  V. 

49.  For  a  full-wave  (or  bridge)  rectifier: 

a.  A  shorted  diode  will  blow  the  power  supply  fuse. 

b.  An  open  diode  causes  the  rectifier  output  signal  to  resemble  that  of  a  half-wave 
rectifier. 

50.  A  shorted  filter  capacitor  will  blow  the  power  supply  fuse. 

51.  An  open  filter  capacitor  causes  a  significant  increase  in  the  ripple  present  at  the 
load. 

52.  A  shorted  zener  regulator  has  the  same  symptoms  as  a  shorted  filter  capacitor. 

53.  An  open  zener  regulator  causes  the  dc  load  voltage  and  output  ripple  to  increase. 
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Equation  Number 

Equation 

e  ,  EQUATION  SUMMARY 

Section  Number 

(3.1) 

Ns  Vs 

—  =  — 

3.1 

NP  VP 

(3.2) 

Ns 

Vs  =  TT  yr 

NP 

3.1 

(3.3) 

I_L=Vs 

3.1 

?s  VP 

(3.4) 

NP 

Ns 

3.1 

(3.5) 

VL  =  Vs  (forward  operation) 

3.2 

(3.6) 

Vd\  ~  Vs  (reverse  operation) 

3.2 

(3.7) 

^L(pk)  =  !(s(pk)  —  VF 

3.2 

(3.8) 

Ns 

Ks(pk)  -  V/>(Pk> 

3.2 

(3.9) 

v 

t  T  _  r  rms 

pk  _  0.707 

3.2 

(3.10) 

,  ^T(pk) 

4(pk)  “  ,, 

Kl 

3.2 

(3.11) 

Vvk 

Vave  =  —  (half-wave  rectified) 

TT 

3.2 

(3.12) 

Vave  =  0.31 8  Ppk  (half-wave  rectified) 

3.2 

(3.13) 

/Pk 

/ave  =  —  (half-wave  rectified) 

IT 

3.2 

(3.14) 

/ave  =  0.3 1 8/pk  (half-wave  rectified) 

3.2 

(3.15) 

PIV  =  ts(pk)  (half-wave  rectified) 

3.2 

(3.16) 

^(pk) 

*4(Pk)  —  2 

3.3 

(3.17) 

Vi(Pk)  =  j  '  0.7  V 

3.3 

(3.18) 

_  2Vc(Pk, 

v  ave 

3.3 

TT 

(3.19) 

Vave  ~  0.6371 4(pk) 

3.3 

(3.20) 

PIV  =  2VL(pk) 

3.3 

(3.21) 

PIV  =  VS(pk) 

3.3 

(3.22) 

PIV  =  VS(pk)  -  0.7  V 

3.3 

(3.23) 

Vc(pk)  —  Vs(pk)  (ideal) 

3.4 

(3.24) 

Vupk)  ~  Vs(pk)  —  1 .4  V 

3.4 

(3.25) 

t  =  RC 

3.6 

(3.26) 

T  =  5  RC 

3.6 

(3.27) 

Vstpk) 

'surge  —  „  ,  p 

Kw  ~v  Kb 

3.6 
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Equation  Number 


Equation 


Section  Number 


KEY  TERMS 


(3.28) 

/(/) 

C  =  -A-A 

AVC 

3.6 

(3.29) 

C(AVc) 

?  I 

3.6 

(3.30) 

Vr 

vdc  =  Fpk  -  y 

3.6 

(3.31) 

II 

3.6 

(3.32) 

PIV  =  2FS(pk)  (half-wave,  filtered) 

3.6 

(3.33) 

V '■  -  V-7 

j  y  in  v  Z 

T~  Ks 

3.7 

(3.34) 

Vz 

4  =  — 

Rl 

3.7 

(3.35) 

h  =  4  ~  4 

3.7 

(3.36) 

vz 

^L(min)  j 

*L(  max) 

3.7 

(3.37) 

v  -  y 

Kou,,  (Zz\\RL)  +  Rsr 

3.7 

average  current  (/ave)  84 
average  voltage  (Vave)  83 
bridge  rectifier  92 
capacitive  filter  101 
center-tapped 
transformer  88 
filter  74 
full  load  114 
full-wave  rectifier  87 


half-wave  rectifier  78 
inductive  filter  109 
integrated  circuit  (IC)  99 
integrated  rectifier  99 
linear  power  supply  74 
line  regulation  97 
load  regulation  114 
peak  inverse  voltage  87 
power  rectifier  99 


power  supply  74 
rectifier  74 
ripple  voltage  101 
surge  current  103 
switching  power 
supply  74 
voltage  regulator  74 


PRACTICE  PROBLEMS  - 

Section  3.1 

1.  Determine  the  ac  secondary  voltage  for  the  circuit  shown  in  Figure  3.52. 

2.  Determine  the  ac  secondary  voltage  for  the  circuit  shown  in  Figure  3.53. 


FIGURE  3.52  FIGURE  3.53 

3.  Determine  the  peak  secondary  voltage  for  the  circuit  shown  in  Figure  3.52. 

4.  Determine  the  peak  secondary  voltage  for  the  circuit  shown  in  Figure  3.53. 

5.  A  transformer  has  values  of  VP  =  40  V  and  Vs  =  320  V.  What  is  the  component's 
turns  ratio? 
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6.  A  transformer  with  a  12:1  turns  ratio  has  a  250  mA  primary  current.  What  is  the 
value  of  the  secondary  current? 

Section  3.2 

7.  Determine  the  peak  load  voltage  for  the  circuit  shown  in  Figure  3.52. 

8.  Determine  the  peak  load  voltage  for  the  circuit  shown  in  Figure  3.53. 

9.  Determine  the  peak  load  voltage  for  the  circuit  shown  in  Figure  3.54. 

10.  Determine  the  peak  load  current  for  the  circuit  shown  in  Figure  3.54. 


F, 


FIGURE  3.54 

11.  Determine  the  average  (dc)  load  voltage  for  the  circuit  shown  in  Figure  3.52. 

12.  Determine  the  average  (dc)  load  voltage  for  the  circuit  shown  in  Figure  3.53. 

13.  Determine  the  average  (dc)  load  voltage  for  the  circuit  shown  in  Figure  3.54. 

14.  Assume  that  the  diode  in  Figure  3.52  is  reversed.  Determine  the  new  values  of 

Vz.(pk),  Vave>  and  7ave  for  the  circuit. 

15.  Assume  that  the  diode  in  Figure  3.53  is  reversed.  Determine  the  new  values  of 
VL(pk),  Vave,  and  7ave  for  the  circuit. 

16.  Assume  that  the  diode  in  Figure  3.54  is  reversed.  Determine  the  new  values  of 
VL(pk),  Vave,  and  7ave  for  the  circuit. 

17.  Determine  the  PIV  for  the  diode  in  Figure  3.53. 

18.  A  negative  half-wave  rectifier  with  a  12  kfl  load  is  driven  by  a  20  Vac  transformer. 
Draw  the  schematic  for  the  circuit,  and  determine  the  following  values:  PIV,  Vz.(pk), 
Vave>  and  /ave. 

Section  3.3 

19.  Determine  the  values  of  VL(pk),  Vave,  and  7ave  for  the  circuit  shown  in  Figure  3.55. 

20.  Determine  the  values  of  F/ipk),  Vave,  and  7ave  for  the  circuit  shown  in  Figure  3.56. 


FIGURE  3.55  FIGURE  3.56 


21.  Determine  the  values  of  Vi(pk),  Vave,  and  7ave  for  the  circuit  shown  in  Figure  3.57. 

22.  Determine  the  PIV  of  the  circuit  shown  in  Figure  3.55. 

23.  Determine  the  PIV  of  the  circuit  shown  in  Figure  3.56. 

24.  Determine  the  PIV  of  the  circuit  shown  in  Figure  3.57. 

25.  Assume  that  the  diodes  in  Figure  3.55  are  both  reversed.  Determine  the  new  values 
of  Vz.(pk),  Vive,  and  7ave  for  the  circuit. 
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FIGURE  3.57 

26.  A  negative  full-wave  rectifier  with  a  910  fl  load  is  driven  by  a  16  Vac  transformer. 
Draw  the  schematic  diagram  of  the  circuit,  and  determine  the  following  values: 
l  '/.!pkr  PIV,  l\vc-  and  /ave* 

Section  3.4 

27.  Determine  the  peak  and  average  output  voltage  and  current  values  for  the  circuit 
shown  in  Figure  3.58. 


F, 


FIGURE  3.58 

28.  Repeat  Problem  27.  Assume  that  the  transformer  is  a  16  Vac  transformer. 

29.  What  is  the  minimum  allowable  value  of  VRRM  for  each  of  the  diodes  in  Problem  28? 

30.  A  bridge  rectifier  with  a  1.2  kfl  load  is  driven  by  a  48  Vac  transformer.  Draw  the 
schematic  diagram  for  the  circuit,  and  calculate  the  dc  load  voltage  and  current  val¬ 
ues.  Also,  determine  the  PIV  for  each  diode  in  the  circuit. 

Section  3.6 

31.  The  circuit  shown  in  Figure  3.59a  has  values  of  Rw  =  1  fl  and  RB  =  6  fl.  What  is 
the  value  of  surge  current  for  the  circuit? 


F, 


(a) 


(b) 

FIGURE  3.59 


130 


Chapter  3  Common  Diode  Applications 


32.  A  half-wave  rectifier  has  values  of  Rw  =  2  ft,  RB  =  12  ft,  and  Vs  =  36  Vac.  What  is 
the  value  of  surge  current  for  the  circuit? 

33.  What  are  the  values  of  Vdc  and  Vr  for  the  circuit  shown  in  Figure  3.59a? 

34.  What  are  the  values  of  and  Vr  for  the  circuit  shown  in  Figure  3.59b? 

35.  The  circuit  shown  in  Figure  3.60  has  the  following  values:  Vs  =  18  Vac  (rated), 
C  =  470  |xF,  and  RL  =  820  ft.  Determine  the  values  of  Vn  Vdc,  and  IL  for  the  circuit. 


FIGURE  3.60 

36.  The  circuit  shown  in  Figure  3.60  has  the  following  values:  Vs  =  24  Vac  (rated), 
C  =  1200  |xF,  and  Rr  =  200  ft.  Determine  the  values  of  Vn  Vdc,  and  IL  for  the  circuit. 

37.  What  is  the  PIV  for  the  circuit  described  in  Problem  36? 

38.  What  is  the  PIV  for  the  circuit  shown  in  Figure  3.59a? 

Section  3.7 

39.  For  the  circuit  shown  in  Figure  3.61,  determine  the  total  circuit  current. 


As 

300  ft 


FIGURE  3.61 

40.  For  the  circuit  shown  in  Figure  3.61,  determine  the  value  of  lL  for  RL  =  2  kft. 

41.  For  the  circuit  shown  in  Figure  3.61,  determine  the  value  of  /z  for  RL  —  2  kft. 

42.  For  the  circuit  shown  in  Figure  3.61,  determine  the  value  of  /z  for  R,  =  3  kft. 

43.  For  the  circuit  shown  in  Figure  3.61,  determine  the  minimum  allowable  value  of  RL. 

44.  For  the  circuit  shown  in  Figure  3.62,  determine  the  total  circuit  current. 


0  ft  to  1 0  kft 


FIGURE  3.62 

45.  For  the  circuit  shown  in  Figure  3.62,  determine  the  value  of  /z  for  RL  =  5  kft. 

46.  For  the  circuit  shown  in  Figure  3.62,  determine  the  minimum  allowable  value  of  RL. 
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47.  Determine  the  values  of  IT,  h,  and  Iz  for  the  circuit  shown  in  Figure  3.63. 


TROUBLESHOOTING 
PRACTICE  PROBLEMS 


Rs 

so  n 


Rl 

soon 


FIGURE  3.63 


48.  The  12  V  input  to  Figure  3.63  has  770  mVpp  of  ripple.  What  is  the  output  ripple  for 
the  circuit? 

Section  3.8 

49.  Calculate  the  dc  output  voltage  and  current  values  for  the  circuit  shown  in  Figure  3.64. 


F, 


FIGURE  3.64 


50.  Calculate  the  output  ripple  voltage  for  the  circuit  shown  in  Figure  3.64. 

51.  Calculate  the  dc  output  values  and  output  ripple  voltage  for  the  circuit  shown  in 
Figure  3.65. 


F, 


FIGURE  3.65 


52.  The  circuit  shown  in  Figure  3.66a  has  the  output  signal  shown.  Discuss  the  possible 
cause(s)  of  the  problem. 

53.  The  circuit  shown  in  Figure  3.66b  has  the  output  waveform  shown.  Discuss  the  pos¬ 
sible  cause(s)  of  the  problem. 

54.  The  circuit  in  Figure  3.64  has  an  output  that  equals  0  Vdc.  The  primary  fuse  is  not 
blown.  Discuss  the  possible  cahse(s)  of  the  problem. 

55.  The  load  resistance  in  Figure  3.67  opens.  Will  this  cause  the  zener  diode  to  be 
destroyed?  Use  circuit  calculations  to  explain  your  answer. 
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FIGURE  3.66 


.  Fi 


FIGURE  3.67 


- -  PUSHING  THE  ENVELOPE 

56.  Assume  the  zener  diode  in  Figure  3.67  has  opened.  Which  of  the  diodes  in  Figure 
2.34  could  be  used  as  a  replacement  component? 

57.  The  circuit  shown  in  Figure  3.68  has  measured  output  values  of  Vdc  =  12  V  and  Vr  = 

1.22  Vpp.  Determine  whether  or  not  there  is  a  problem  in  the  circuit.  ( Remember : 

Transformer  tolerances  can  be  as  high  as  ±20%.) 


Fi 


FIGURE  3.68 


58.  The  rectifier  diodes  in  Figure  3.69  must  be  replaced.  Using  Figure  2.25,  determine 
which,  if  any,  of  the  1N4001-7  series  diodes  can  be  used  as  a  replacement  compo¬ 
nent  in  the  circuit. 

59.  The  primary  fuse  in  Figure  3.68  must  be  replaced.  Determine  the  minimum  accept¬ 
able  value  for  the  fuse,  assuming  that  its  value  must  be  20%  greater  than  the  primary 
current.  Assume  you  have  the  following  rated  fuses:  Vs  A,  lA  A,  Vi  A,  1  A,  2  A, 
and  5  A. 
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SUGGESTED  COMPUTER 

APPLICATIONS 

PROBLEMS 


ANSWERS  TO  THE 
EXAMPLE  PRACTICE 
PROBLEMS 


F]  Di 


FIGURE  3.69 


60.  Develop  a  program  that  will  determine  the  values  of  Vout(pk),  Vave,  and  7ave  when  pro¬ 
vided  with  the  transformer  secondary  rating  and  the  load  resistance  for  a  half-wave 
rectifier. 

61.  Develop  a  program  that  will  determine  the  values  of  Vout(pI0,  Vave,  and  7ave  for  a  full- 
wave  rectifier  when  provided  with  the  transformer  secondary  rating  and  the  load 
resistance. 

62.  Modify  the  program  in  Problem  61  to  take  into  account  the  effects  of  a  filter  capacitor. 
The  program  should  request  the  value  of  C  (along  with  the  values  from  Problem  61) 
and  should  provide  the  values  of  dc  output  voltage  and  ripple  voltage. 


3.1 

Is  =  20.8  mA  (maximum) 

3.2 

^r(pk)=  17.3  Vpk 

3.3 

VL(pk)  =  16.27  Vpk 

3.4 

4<pk)  =  1  -63  mA 

3.5 

Vave  =  3.64  V 

3.6 

7ave  =  10.9  mA 

3.7 

7ave  =  1.78  mA 

3.8 

V5<pk)  =  -50.92  V,  VL(pk)  =  -50.22  Vpk,  Vave  =  - 15.99  Vdc 

3.9 

Vave  =  10.36  V 

3.10 

4(pk)  =  7.4  mA,  7ave  =  4.71  mA 

3.11 

Vave  =  15.3  V,  7ave  =  12.77  mA 

3.13 

Vave  =  9.6  V 

3.14 

^surge  10  A 

3.16 

Vr  =  274  mVpp,Vdc=  16.14  V 

3.17 

IT  —  2  mA 

3.18 

lL  =  1  mA 

3.19 

7Z  =  1  mA 

3.20 

^L(min)  5  1 5  il- 

3.21 

VKout)  =  235  mVpp 

3.22 

Vdc  =  10  V,  //.  =  1.96  mA,  VKout)  =  30.7  mVpp 
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Common  Diode 
Applications 

Clippers,  Clampers,  Voltage  Multipliers,  and  Displays 

Objectives 

After  studying  the  material  in  this  chapter,  you  should  he  able  to: 

1.  State  the  purposes  served  by  clippers,  clampers,  and  voltage  multipliers. 

2.  Describe  the  operation  of  series  clippers. 

3.  Describe  and  analyze  the  operation  of  shunt  clippers. 

4.  Describe  and  analyze  the  operation  of  biased  shunt  clippers. 

5.  Describe  the  effects  of  negative  clampers  and  positive  clampers  on  an  input  waveform. 

6.  Describe  the  circuit  operation  of  a  clamper. 

7 .  Describe  and  analyze  the  operation  of  the  half-wave  voltage  doubler. 

8.  Describe  and  analyze  the  operation  of  the  full-wave  voltage  doubler. 

9 .  Describe  the  use  of  the  LED  as  a  power-level  indicator. 

10.  Describe  the  use  of  the  LED  in  multisegment  displays. 

11.  Describe  the  common  fault  symptoms  that  occur  in  clippers  and  clampers. 

12.  Describe  the  procedure  for  troubleshooting  voltage  multipliers. 

Outline 

4.1  Clippers 

4.2  Clipper  Applications 

4.3  Clampers  (DC  Restorers) 
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4.4  Voltage  Multipliers 

4.5  LED  Applications 

4.6  Diode  Circuit  Troubleshooting 
Chapter  Summary 


OBJECTIVE  1  ► 

Clipper  (or  limiter) 

A  diode  circuit  used  to  eliminate 
some  portion(s)  of  a  waveform. 

Clamper  (or  dc  restorer) 

A  diode  circuit  that  is  used  to 
set  (or  restore)  the  dc  reference 
of  a  waveform. 

Voltage  multipliers  produce  a 
dc  output  voltage  that  is  some 
multiple  of  a  peak  input  voltage. 
Multisegment  displays  are 
used  to  display  alphanumeric 
symbols  (numbers,  letters,  and 
punctuation  marks). 


Diodes  are  among  the  primary  components  in  power  supplies,  as  we  saw  in  Chapter  3, 
but  they  have  many  other  common  applications  as  well.  In  this  chapter,  we  will  look  at 
several  additional  diode  circuits  and  applications. 

The  first  type  of  circuit  we  will  cover  is  the  clipper  (or  limiter).  A  clipper  is  a  diode 
circuit  that  is  used  to  eliminate  some  portion(s)  of  a  waveform.  As  you  will  see,  there  are 
many  types  of  clippers. 

The  second  type  of  circuit  we  will  cover  is  the  clamper  (or  dc  restorer).  A  clamper 
is  a  diode  circuit  that  is  used  to  set  (or  restore)  the  dc  reference  of  a  waveform.  As  you 
will  see,  it  is  not  uncommon  for  waveforms  to  be  centered  around  some  dc  reference 
voltage.  For  example,  you  might  see  a  12  Vpp  sinusoidal  waveform  that  varies  equally 
above  and  below  +10  Vdc.  A  clamper  could  be  used  to  set  (or  change)  that  +10  Vdc 
reference. 

The  third  type  of  circuit  we  will  discuss  is  the  voltage  multiplier.  A  voltage  multiplier 
produces  a  dc  output  voltage  that  is  some  multiple  of  an  ac  peak  input  voltage. 

Finally,  we  will  look  at  the  most  common  LED  application:  the  multisegment 
display.  Multisegment  displays  are  used  to  display  alphanumeric  symbols;  that  is,  they 
are  used  to  display  numbers,  letters,  and  punctuation  marks. 


4.1  Clippers 


You  have  already  been  introduced  to  the  basic  operating  principles  of  the  clipper.  The  half¬ 
wave  rectifier  is  basically  a  clipper  that  eliminates  one  of  the  alternations  of  an  ac  signal. 

There  are  four  basic  clipper  configurations,  as  shown  in  Figure  4.1.  Each  series  clipper 
contains  a  diode  that  is  in  series  with  the  load.  Each  shunt  clipper  contains  a  diode  that  is 
in  parallel  with  the  load. 


Negative  series  clipper 

FIGURE  4.1 


4.1.1  Series  Clippers 

The  series  clipper,  as  shown  in  Figure  4.2,  has  the  same  circuit  operating  characteristics  as 
the  half-wave  rectifier.  In  fact,  if  you  compare  the  circuits  shown  in  Figure  3.9  to  those  shown 
in  Figure  4.2,  you  will  see  that  the  half-wave  rectifier  is  nothing  more  than  a  series  clipper. 
OBJECTIVE  2  ►  Since  the  operation  of  the  series  clipper  is  identical  to  that  of  the  half-wave  rectifier, 
we  will  not  go  into  any  great  detail  on  series  clipper  operation  at  this  point.  As  a  review, 
the  following  points  are  made  about  series  clippers: 

1.  When  the  diode  in  a  negative  series  clipper  is  forward  biased  by  the  input  signal,  it 
conducts,  and  the  load  voltage  is  found  as 

VL  =  Vto  -  0.7  V  (4.1) 
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Diode  is  forward  biased  during 
the  positive  alternation  of  the 
input  signal. 


(a)  Negative  series  clipper 


Diode  is  forward  biased  during 


(b)  Positive  series  clipper 
FIGURE  4.2  Series  dipper  operation. 

2.  When  the  diode  in  the  negative  series  clipper  is  reverse  biased  by  the  input  signal,  it 
does  not  conduct.  Therefore, 


and 


vDl  =  vin 

(4.2) 

VL  ~  ov 

(4.3) 

A  negative  series  clipper  and  its  associated  waveforms  are  shown  in  Figure  4.2a. 

3.  The  positive  series  dipper  operates  in  the  same  fashion.  The  only  differences  are: 

a.  The  output  voltage  polarities  are  reversed. 

b.  The  current  directions  through  the  circuit  are  reversed. 

A  positive  series  clipper  and  its  associated  waveforms  are  shown  in  Figure  4.2b. 

For  a  complete  review  of  series  clippers,  refer  to  the  coverage  of  half-wave  rectifiers  in 
Chapter  3. 


4.1.2  Shunt  Clippers 

The  operation  of  the  shunt  dipper  is  exactly  opposite  that  of  the  series  clipper.  The  series 
dipper  provides  an  output  when  the  diode  is  forward  biased  and  no  output  when  the  diode 
is  reverse  biased.  The  shunt  dipper  provides  an  output  when  the  diode  is  reverse  biased 
and  shorts  the  output  signal  to  ground  when  the  diode  is  forward  biased.  This  operation  is 
illustrated  in  Figure  4.3. 

The  circuit  shown  in  Figure  4.3  is  a  negative  shunt  dipper.  When  the  diode  in  the  neg¬ 
ative  shunt  clipper  is  reverse  biased,  it  is  effectively  removed  from  the  circuit.  This  is 
shown  in  Figure  4.3a.  With  the  diode  reversed  biased,  the  resistors  form  a  voltage  divider, 
and  the  load  voltage  can  be  found  by 


Rl 


Rl  +  Rs 


(4.4) 


As  shown  in  Figure  4.2,  a 
negative  clipper  eliminates  the 
negative  alternation  of  its  input. 
The  positive  dipper  eliminates 
rhe  positive  alternation  of  its 


<  OBJECTIVE  3 


While  the  output  signal  resembles  the  positive  alternation  of  the  input,  the  peak  output  volt¬ 
age  is  somewhat  less  than  the  peak  input  voltage.  This  point  is  illustrated  in  Example  4.1. 
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Reverse  biased  diode 
acts  as  an  open 


(a)  Positive  half-cycle  operation 


E#B 

L  Q 


Rs 


Negative  alternation  Forward  biased  diode 

forward  biases  D,  acts  as  a  short  (ideally) 


(b)  Negative  half-cycle  operation 
FIGURE  4.3  Shunt  dipper  operation. 


EXAMPLE  4.1 _ 

The  negative  shunt  clipper  shown  in  Figure  4.4  has  a  peak  input  voltage  of  + 12  V. 
What  is  the  peak  load  voltage  for  the  circuit? 


*s 
1  kft 


FIGURE  4.4 


Solution:  When  the  input  is  positive,  the  diode  is  reverse  biased  and  does  not 
conduct.  Therefore,  the  peak  load  voltage  is  found  as 


Just  a  Reminder: 

A  diode  doesn’t  conduct  fully 
until  its  cathode  is  0.7  V  more 
negative  than  its  anode.  Thus, 


Practice  Problem  4.1 

A  negative  shunt  clipper  has  values  of  RL  =  510  11  and  Rs  =  100  Cl.  If  the  input 
voltage  is  + 15  Vpk,  what  is  the  peak  load  voltage? 

During  the  negative  alternation  of  Ihe  input  signal,  the  diode  in  the  negative  shunt  clip¬ 
per  is  forward  biased  and  conducts  as  shown  in  Figure  4.2b.  With  the  diode  conducting, 
the  voltage  across  the  component  equals  the  diode  forward  voltage  ( VF ).  Since  the  diode 
and  load  are  in  parallel,  VL  also  equals  the  diode  forward  voltage.  By  formula, 

V,  =~VP  (4.5) 
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Since  the  output  side  of  Rs  is  held  to  approximately  -0.7  V  when  the  diode  is  forward 
biased,  the  voltage  across  Rs  (which  is  designated  VKS)  is  equal  to  the  difference  between 
Vjn  and  the  value  VF.  By  formula, 

V«.v=  ~Vin  +  0.7V  (4.6) 

when  the  diode  is  forward  biased.  Example  4.2  illustrates  the  circuit  conditions  that  exist 
when  the  diode  in  a  negative  shunt  clipper  is  forward  biased. 

EXAMPLE  4.2 _ 

The  circuit  described  in  Example  4.1  has  a  - 12  Vpk  input.  Determine  the  values  of 
VL  and  VRS  for  the  circuit. 

Solution:  Since  the  diode  is  forward  biased,  the  load  voltage  equals  the  value  of 
VF  for  the  diode.  Thus, 

VL  -  -0.7  V 

The  voltage  across  the  series  resistor  ( Rs )  is  now  found  as 

V*s  =  -Vfa  +  0.7  V  =  -  12  Vpk  +  0.7  V  =  -11.3  Vpk 


Practice  Problem  4.2 

The  circuit  described  in  Practice  Problem  4.1  has  a  -15  Vpk  input.  Determine  the 
values  of  V,  and  VKS  for  the  circuit. 


So  far,  we  have  worked  with  the  negative  shunt  clipper.  As  Example  4.3  illustrates,  the 
positive  shunt  clipper  works  according  to  the  same  principles  and  is  analyzed  in  the  same 
fashion. 


EXAMPLE  4.3 _ 

The  positive  shunt  clipper  shown  in  Figure  4.5  has  the  input  waveform  shown. 
Determine  the  value  for  VL  for  each  of  the  input  alternations. 


FIGURE  4.5 


The  diode  in  a  positive  shunt 
clipper  conducts  when  the  input 
is  positive.  Thus,  for  the 
positive  shunt  clipper, 
equations  (4.5)  and  (4.6)  are 
modified  as  fellows: 


Solution:  When  the  input  is  positive,  the  diode  is  forward  biased.  Thus, 

VL  =  0.7  V 


and 


Vrs  =  -  0.7  V  =  10  Vpk  -  0.7  V  =  93  Vpk 
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When  the  input  to  the  circuit  is  negative,  the  diode  is  reverse  biased  and  effectively 
removed  from  the  circuit.  Thus, 


Practice  Problem  4.3 

A  positive  shunt  clipper  with  values  of  Rs  —  100  fl  and  RL  —  1.1  k Cl  has  a  ±  12  Vpk 
input  signal.  Determine  the  value  of  VL  for  each  alternation  of  the  input.  Also, 
determine  the  value  of  Vrs  when  the  diode  is  forward  biased. 


The  load  waveform  for  the  circuit  shown  in  Figure  4.5  is  illustrated  in  Figure  4.6.  As 
you  can  see,  the  load  voltage  has  peak  values  of  +0.7  and  —8.45  V. 

4.1.3  The  Purpose  Served  by  Rs 

Rs  is  included  in  the  shunt  clipper  as  a  current-limiting  resistor.  Its  purpose  becomes  clear 
when  you  consider  what  would  happen  if  the  input  signal  forward  biased  the  diode  and  Rs 
was  not  in  the  circuit.  This  operating  condition  is  illustrated  in  Figure  4.7. 


Forward-biased  diode  shorts 
out  the  signal  source 

FIGURE  4.7  Without  Rs,  Dx  shorts  the  source. 


Without  Rs  in  the  circuit,  the  diode  shorts  the  signal  source  to  ground  during  the  posi¬ 
tive  alternation  of  the  input  signal.  This  probably  results  in  one  of  the  following: 

1.  The  diode  being  destroyed  by  excessive  forward  current. 

2.  One  or  more  components  in  the  signal  source  being  destroyed  by  the  excessive  cur¬ 
rent  demand  of  the  conducting  diode. 

For  example,  assume  that  the  circuit  input  signal  shown  in  Figure  4.7  has  a  value  of 
+  Vpk  =  12  V.  When  the  input  signal  is  at  its  positive  peak,  the  diode  shorts  the  + 12  V  to 
ground.  The  resulting  high  current  may  damage  either  the  diode  or  the  signal  source. 

In  any  practical  situation,  the  value  of  Rs  is  much  lower  than  the  value  of  RL.  When 
this  is  the  case,  the  load  voltage  (when  the  diode  is  reverse  biased)  is  approximately  equal 
to  the  value  of  Vin.  This  point  is  illustrated  in  Example  4.4. 


EXAMPLE  4.4 _ _ 

Determine  the  peak  load  voltage  for  the  circuit  shown  in  Figure  4.8.  Assume  that 
the  diode  is  reverse  biased. 


FIGURE  4.8 
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Solution:  The  peak  load  voltage  is  found  using  equation  (4.4)  as  follows: 


Rl  -f  Rs 


■  6.2  k 0  -  vv-.-  ■  ■  ... 

Kin  =  63kn  (8  Vpk)  =  7'87  Vpk 


Since  RL  7?>  Rs  in  this  circuit,  we  could  have  assumed  that  Vin  and  VL  were  approxi¬ 
mately  equal  in  any  practical  circuit  analysis. 


4.1.4  Biased  Clippers 

A  biased  clipper  uses  a  dc  biasing  source  to  set  the  limit(s)  on  the  circuit  output  voltage. 
As  shown  in  Figure  4.9,  this  allows  the  circuit  to  clip  input  waveforms  at  values  other 
than  the  diode  VF  of  0.7  V.  In  each  circuit  shown,  the  bias  voltage  (VB)  is  in  series  with 
the  shunt  diode.  As  a  result,  the  diode  conducts  (and  clips  the  input  waveform)  when  the 
signal  voltage  equals  the  sum  of  VF  and  VB. 


(a)  Positive-biased  clipper 


(b)  Negative-biased  clipper 
FIGURE  4.9  Biased  shunt  clippers. 

The  positive-biased  clipper  (Figure  4.9a)  clips  its  input  signal  at  VB  +  0.7  V.  The 
actual  value  at  which  the  circuit  clips  the  input  signal  depends  on  the  value  of  the  biasing 
voltage  (VB).  If  VB  is  2  V,  the  input  signal  is  clipped  at  2.7  V.  If  the  value  of  VB  is  5  V,  the 
input  signal  is  clipped  at  5.7  V,  and  so  on. 

The  negative-biased  clipper  (Figure  4.9b)  works  in  the  same  fashion,  but  it  clips  its 
input  signal  at  —VB  —  0.7  V.  If  VB  is  -2  V,  the  input  signal  is  clipped  at  -2.7  V.  If  the 
value  of  VB  is  -5  V,  the  input  signal  is  clipped  at  -5.7  V,  and  so  on. 


|0 

L  ‘  J 


FIGURE  4.10 


◄  OBJECTIVE  4 
Biased  clipper 

A  shunt  clipper  that  uses  a  dc 
biasing  source  to  set  the  limit(s) 
on  the  circuit  output  voltage. 
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In  practice,  a  potentiometer  is  used  to  provide  an  adjustable  value  of  VB,  as  sfiown  in 
Figure  4.10.  In  this  circuit,  the  biasing  voltage  ( +  Vu)  is  connected  to  the  diode  via  the 
potentiometer  (/?,)•  R\  is  adjusted  in  this  circuit  to  provide  the  desired  clipping  limit  at 
point  A  in  the  circuit.  By  reversing  the  direction  of  the  diode  and  the  polarity  of  VB,  the 
circuit  in  Figure  4.10  can  be  modified  to  work  as  a  negative-biased  clipper. 


4.1.5  One  Final  Note 

As  you  can  see,  there  are  many  different  clipper  configurations.  These  configurations, 
which  are  used  for  a  variety  of  applications,  are  summarized  in  Figure  4.11.  What  are 
they  used  for?  We  will  answer  this  question  in  the  next  section. 


Clipper  Configura 


Series-negative  dipper 


Series-positive  clipper 


Shunt-positive  dipper 


FIGURE  4.11 
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◄  Section  Review 


1.  What  purpose  is  served  by  a  clipper ? 

2.  What  is  another  name  for  a  clipper? 

3.  What  purpose  is  served  by  a  clamper ? 

4.  What  is  another  name  for  a  clamper? 

5.  Discuss  the  differences  between  series  and  shunt  clippers. 

6.  What  purpose  is  served  by  Rs  in  the  shunt  clipper? 

7.  Describe  the  operation  of  a  biased  clipper. 


4.2  Clipper  Applications 


Clippers  are  used  in  a  wide  variety  of  electronic  systems.  They  are  generally  used  to  per¬ 
form  one  of  two  functions: 

1.  Alter  the  shape  of  a  waveform. 

2.  Provide  circuit  transient  protection. 

You  have  already  seen  one  example  of  the  first  function  in  the  half-wave  rectifier.  This 
circuit  alters  the  shape  of  an  ac  signal,  changing  it  to  pulsating  dc.  You  will  see  another 
application  of  this  type  in  this  section,  along  with  several  transient  protection  circuits. 


4.2.1  Transient  Protection 


A  transient  is  an  abrupt  current  or  voltage  spike  that  has  an  extremely  short  duration.  A 
current  surge  would  be  one  type  of  transient. 

Transients  can  do  serious  damage  to  circuits  whose  inputs  must  stay  within  certain 
voltage  or  current  limits.  For  example,  many  digital  circuits  have  inputs  that  can  handle 
only  voltages  that  fall  within  a  specified  range.  For  these  circuits,  a  voltage  transient  that 
goes  outside  the  specified  voltage  range  cannot  be  allowed  to  reach  the  input.  A  clipper 
can  be  used  in  this  case  to  prevent  such  a  transient  from  reaching  a  digital  circuit,  as  illus¬ 
trated  in  Figure  4. 12a. 


Transient 

An  abrupt  current  or  voltage 
spike. 


Transient 


+5  V 


FIGURE  4.12  Transient-protection  circuits. 


HIDir 


(b) 


The  block  labeled  A  represents  a  digital  circuit  whose  input  voltage  must  not  be 
allowed  to  go  outside  the  range  of  0  to  +5  V.  The  clipper  will  protect  the  circuit  from 
any  voltage  transients  outside  this  range.  For  example,  let’s  assume  that  the  transient 
shown  in  the  figure  occurs  on  the  input  line.  The  transient  will  forward  bias  D2,  causing 
the  diode  to  conduct.  With  D2  conducting,  the  transient  will  be  shorted  to  ground,  pro¬ 
tecting  the  input  to  circuit  A.  If  the  input  square  wave  should  go  above  5  V,  £>,  (which  is 
located  between  the  +5  V  supply  and  the  input)  will  be  forward  biased.  This  will  short 
any  input  greater  than  5  V  back  to  the  +5  V  supply. 


The  description  of  the  circuit  in 
Figure  4. 1 2a  assumes  that  the 
diodes  are  ideal.  When  you 
consider  yqjtp^  ... 

■the  input  signal  is 
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A  Practical  Consideration: 
Let’s  say  that  circuit  B  in 
Figure  4. 12b  goes  bad.  When  it 
is  replaced,  the  new  circuit 
works  fine  until  it  tries  to  drive 
the  speaker.  After  driving  the 
speaker  for  a  few  seconds,  the 
new  circuit  B  also  goes  bad. 
The  problem  in  this  case  is 
likely  , tn  up.  n  diode.  If  the 


The  circuit  in  Figure  4.12b  includes  a  clipper  designed  to  protect  the  output  of 
circuit  B  from  transients  produced  when  a  square  wave  is  used  to  drive  a  speaker  (a 
common  practice  with  computer  sound  effects).  A  speaker  is  essentially  a  big  coil 
(inductor).  When  a  square  wave  is  used  to  drive  the  coil  in  a  speaker,  that  coil  pro¬ 
duces  a  counter  emf.  This  counter  emf  is  produced  each  time  that  the  output  voltage 
makes  the  transition  from  +5  to  0  V.  The  counter  emf  is  greater  in  magnitude  than 
the  original  voltage,  and  opposite  in  polarity.  Thus,  each  time  circuit  B  tries  to  drive 
the  output  line  to  0  V,  the  speaker  tries  to  force  the  line  to  continue  to  some  negative 
value.  This  counter  emf  could  destroy  the  driving  circuit.  However,  the  clipping  diode 
(D|)  shorts  the  counter  emf  produced  by  the  speaker  coil  to  ground  before  it  can  harm 
the  driving  circuit. 

4.2.2  The  AM  Detector 

Another  common  application  for  the  diode  clipper  can  be  found  in  a  typical  AM  receiver. 
In  this  case,  the  clipper  is  part  of  a  circuit  called  an  AM  detector.  A  simple  detector  is 
shown  in  Figure  4.13. 


AM  detector 

A  diode  clipper  that  converts  a 
varying  amplitude  ac  input  to  a 
varying  dc  level. 


Diode  clips  negative 
half-cycle 


(a) 

Input  waveform 


.aAAAjuaAAA/l 

(b) 

D,  clips  negative 
half-cycle 


FIGURE  4.13  Cj  charges  to  l/ave  of  the  clipped  signal. 


(c) 

C,  charges  to  l/ave 
of  the  clipped  signal 


The  purpose  of  the  detector  is  to  produce  dc  output  voltage  that  varies  with  the  peak 
variations  in  the  input  signal.  This  output  is  produced  by  the  capacitor,  which  charges  to 
the  average  of  the  input  signal. 

As  shown,  the  input  signal  to  the  circuit  has  an  average  value  of  0  V.  This  is  because 
each  positive  peak  has  an  equal  and  opposite  negative  peak.  The  clipping  diode  solves 
this  problem  by  eliminating  the  negative  portion  of  the  input  waveform.  (In  this  case,  the 
clipper  alters  the  shape  of  the  waveform.)  With  the  negative  portion  eliminated,  the 
capacitor  charges  and  discharges  at  the  rate  of  the  peak  input  variations.  This  provides  a 
signal  at  the  load  that  is  a  reproduction  of  the  peak  variations  at  the  input. 

4.2.3  One  Final  Note 

The  applications  introduced  in  this  section  are  intended  only  to  give  you  an  idea  of  clip¬ 
per  applications.  To  cover  every  possible  circuit  would  require  several  volumes.  Even 
though  we  have  covered  only  a  few  clipper  circuits,  you  should  now  have  a  good  idea  of 
the  purposes  they  serve. 


Section  Review  ► 


1.  What  is  a  transient  ? 

2.  Why  must  digital  circuit  inputs  be  protected  from  voltage  transients? 

3.  Describe  the  operation  of  the  AM  detector. 
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4.3  Clampers  (DC  Restorers) 


A  clamper  is  a  circuit  designed  to  shift  a  waveform  either  above  or  below  a  given  refer-  ◄  OBJECTIVE  5 
ence  voltage  without  distorting  the  waveform.  There  are  two  types  of  clampers:  the  posi¬ 
tive  clamper  and  the  negative  clamper.  The  input/output  characteristics  of  these  two 
circuits  are  illustrated  in  Figure  4. 14. 


Clamper  input  voltage 


Clamper  output  voltage 


FIGURE  4.14 


(b) 


A  positive  clamper  shifts  its  input  waveform  so  that  the  negative  peak  of  the  wave¬ 
form  is  approximately  equal  to  the  clamper  dc  reference  voltage.  For  example,  Figure 
4. 14a  shows  what  happens  when  a  20  Vpp  sine  wave  is  applied  to  a  positive  clamper  with 
a  dc  reference  of  0  V.  As  you  can  see,  the  input  and  output  waveforms  have  a  value  of 
20  Vpp.  However,  the  clamper  output  waveform  has  peak  values  of  +20  and  0  V  (the  neg¬ 
ative  peak).  The  positive  clamper  has  shifted  the  entire  waveform  so  that  its  negative  peak 
value  is  approximately  equal  to  the  circuit’s  dc  reference  voltage. 

A  negative  clamper  shifts  its  input  waveform  so  that  the  positive  peak  of  the  wave¬ 
form  is  approximately  equal  to  the  clamper  dc  reference  voltage.  For  example.  Figure 
4.14b  shows  what  happens  when  a  20  Vpp  sine  wave  is  applied  to  a  negative  clamper  with 
a  dc  reference  of  0  V.  In  this  case,  the  clamper  output  waveform  has  peak  values  of  0  V 
(the  positive  peak)  and  -20  V.  The  negative  clamper  has  shifted  the  entire  waveform  so 
that  its  positive  peak  value  is  approximately  equal  to  the  circuit’s  dc  reference  voltage. 


Positive  clamper 

A  circuit  that  shifts  an  entire 
input  signal  above  a  dc 
reference  voltage. 


Negative  clamper 
A  circuit  that  shifts  an  entire 
input  signal  below  a  dc 
reference  voltage. 


4.3.1  Kave  Shift 

You  were  shown  in  Chapter  3  how  to  determine  the  dc  average  (Tave)  value  of  a  rectified 
sine  wave.  When  we  are  dealing  with  a  sine  wave  that  is  not  rectified,  the  value  of  Tave 
falls  halfway  between  the  positive  and  negative  peak  voltage  values.  For  example,  if  we 
were  to  measure  the  input  waveform  in  Figure  4.14a  with  a  dc  voltmeter,  we  would  get  a 
reading  of  0  V.  Note  that  the  dc  average  of  the  waveform  (0  V)  falls  halfway  between 
+ 10  and  - 10  Vpk. 
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How  does  a  clamper  affect  the 


Do  clampers  affect  the  peak-to- 


When  a  waveform  is  shifted  by  a  clamper,  the  value  of  Vave  for  the  waveform  changes. 
For  example,  consider  the  output  waveform  shown  in  Figure  4.14a.  This  waveform  has 
peak  values  of  +20  and  0  V.  The  dc  average,  which  falls  halfway  between  the  peak  val¬ 
ues,  is  + 10  V.  Thus,  if  we  were  to  measure  this  output  waveform  with  a  dc  voltmeter,  we 
would  get  a  reading  of  10  Vdc.  By  the  same  token,  if  we  were  to  measure  the  output  wave¬ 
form  shown  in  Figure  4.14b  with  a  dc  voltmeter,  we  would  get  a  reading  of  - 10  Vdc. 

An  interesting  point  can  be  made  at  this  time.  While  the  value  of  Vave  for  a  waveform 
normally  changes  when  the  waveform  goes  through  the  clamper,  the  peak-to-peak  value  of 
the  waveform  does  not.  For  example,  all  of  the  input  and  output  waveforms  in  Figure  4.14 
have  a  peak-to-peak  value  of  20  Vpp.  Thus,  while  the  clamper  changes  the  peak  and  average 
(dc)  values  of  a  waveform,  it  does  not  change  the  peak-to-peak  value  of  the  original  signal. 


4.3.2  Clamper  Operation 

The  operation  of  a  clamper  is  illustrated  in  Figure  4.15.  As  you  can  see,  the  clamper  is  simi¬ 
lar  (in  construction)  to  a  shunt  clipper;  the  difference  is  the  added  capacitor  in  the  clamper. 


C|  C | 


i/  M  _  \/_  rs _ J _ 
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> 

(a)  Capacitor  charge  circuit  (b)  Capacitor  discharge  circuit 

FIGURE  4.15  Clamper  charge  and  discharge  time  constants. 

Like  the  capacitive  power  supply  filter,  the  clamper  works  on  the  basis  of  switching 
time  constants.  When  the  diode  is  forward  biased,  it  provides  a  charging  path  for  the 
capacitor,  as  shown  in  Figure  4.15a.  For  this  circuit,  the  charging  time  constant  is 
found  as 

t  =  RotCj 


and  the  approximate  total  charge  time  is  found  as 

HH  jfcji  5(i?£)iC i)  (4.7) 

where  Rm  is  the  bulk  resistance  of  the  diode.  When  the  diode  is  reverse  biased,  the  capac¬ 
itor  starts  to  discharge  through  the  resistor,  as  shown  in  Figure  4.15b.  Thus,  the  discharge 
time  constant  for  the  circuit  is  found  as 


t  =  RlCi 

and  the  approximate  total  discharge  time  is  found  as 


(4.8) 


Note  the  different  resistance  values  that  appear  in  equations  (4.7)  and  (4.8).  As  Exam¬ 
ple  4.5  demonstrates,  the  difference  between  the  capacitor  charge  and  discharge  times  is 
significant. 

EXAMPLE  4.5 _ _ 

Determine  the  capacitor  charge  and  discharge  times  for  the  circuit  represented  in 
Figure  4.15.  Assume  that  the  forward  resistance  of  the  diode  is  10  fi,  RL  =  10  kfl, 
and  C,  =  1  |xF. 
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Solution:  The  capacitor  charges  through  the  diode.  Therefore,  the  charge  time  is 
found  as 


Tc  =  5(RDlCx)  =  5(10  O  X  1  |i,F)  =  50  (as 
The  capacitor  discharges  through  the  resistor.  Thus,  the  discharge  time  is  found  as 
TD  =  5 (RlCi)  =  5(10  kft  X  1  jxF)  =  50  ms 


As  you  can  see,  it  takes  a  lot  longer  for  the  capacitor  to  discharge  than  it  does  for  it 
to  charge.  This  is  the  basis  of  clamper  operation. 

Practice  Problem  4.5 

A  clamper  has  values  of  RDl  =  8  O,  C,  =  4.7  p.F,  and  R,  =  1.2  kfl.  Determine  the 
charge  and  discharge  times  for  the  capacitor. 


Using  the  values  obtained  in  Example  4.5,  we  will  discuss  the  overall  operation  of  the 
clamper.  For  ease  of  discussion,  we  will  look  at  the  circuit’s  response  to  a  square-wave 
input.  (When  designed  properly,  clampers  work  for  a  variety  of  input  waveforms.)  We 
will  also  assume  that  the  diodes  are  ideal  components.  The  response  of  a  clamper  to  a 
square- wave  input  is  illustrated  in  Figure  4. 16. 

+5  V  -  -  -  - 

0V  - - 

-5  V  -  -  -  - 

(a) 


(b)  (c) 


0  V 


-10  V  -  ‘ - 1  1 - 1  1 - 

(d) 

FIGURE  4.16 

Figure  4.16a  shows  the  input  waveform.  When  the  input  goes  to  its  positive  peak 
(+5  V),  Dx  is  forward  biased.  This  provides  a  low-resistance  current  path  for  charging  Cu 
as  shown  in  Figure  4.16b.  Assuming  that  the  charge  time  of  the  capacitor  (S^jCj)  is  very 
short,  C,  rapidly  charges  to  the  full  value  of  the  peak  input  voltage,  5  V.  With  the  applied 
voltage  dropped  across  Ch  the  load  voltage  has  a  positive  peak  value  of  0  V. 

When  the  input  waveform  begins  to  go  negative,  the  output  side  of  the  capacitor 
(which  is  initially  at  0  V)  also  begins  to  go  negative.  This  turns  Z),  off,  and  the  capaci- 
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Lab  Reference:  Both  positive  and 
negative  clampers  are  analyzed  in 
Exercise  5.  _  _ 


Biased  clamper 

A  clamper  that  allows  a 
waveform  to  be  shifted  above 
or  below  a  dc  reference  other 
than  0  V. 


tor  is  forced  to  discharge  through  the  resistor,  as  shown  in  Figure  4.16c.  Assuming  that 
the  discharge  time  of  the  capacitor  (5 RLCX)  is  very  long,  C,  will  lose  very  little  of  its 
charge.  With  the  input  voltage  and  Vc  having  the  values  and  polarities  shown  in  Figure 
4. 16c,  the  load  voltage  has  a  negative  peak  value  of  — 10  V.  Thus,  with  the  input  shown, 
the  clamper  provides  an  output  square  wave  that  varies  between  0  and  — 10  V,  as  shown 
in  Figure  4.16d. 

Remember  that  the  clamper  illustrated  in  Figure  4.16  is  described  using  the  ideal  diode 
model.  In  reality,  the  VF  of  the  diode  (0.7  V)  affects  the  output  waveform.  The  capacitor 
can  charge  only  to  the  difference  between  V,in(pk)  and  the  VF  of  the  diode.  This  causes  the 
output  waveform  shown  in  Figure  4.16d  to  be  shifted  by  approximately  +0.7  V. 

4.3.3  Negative  Clampers  Versus  Positive  Clampers 

As  was  the  case  with  clippers,  the  difference  between  the  negative  clamper  and  the  posi¬ 
tive  clamper  is  simply  the  direction  of  the  diode.  This  point  is  illustrated  in  Figure  4.17. 
Figure  4.17a  shows  a  negative  clamper  and  its  effect  on  a  sine-wave  input.  By  reversing 
the  diode,  we  get  the  circuit  operation  shown  in  Figure  4. 1 7b.  Here,  the  diode  direction  is 
reversed,  making  it  a  positive  clamper.  Since  the  diode  is  returned  to  ground  (0  V),  the 
circuit  shifts  the  input  waveform  until  the  negative  peak  voltage  of  the  waveform  is 
approximately  equal  to  0  V. 


Ci 


(a)  Negative  clamper 


(b)  Positive  clamper 

FIGURE  4.17 

It  is  important  to  remember  that,  when  reversing  the  diode,  the  capacitor  (if  polarized) 
must  also  be  reversed.  The  positive  side  of  a  polarized  capacitor  must  always  be  con¬ 
nected  to  the  more  positive  voltage.  In  a  negative  clamper,  the  positive  terminal  of  the 
capacitor  is  connected  to  the  signal  source.  In  a  positive  clamper,  the  positive  side  of  the 
capacitor  is  connected  to  the  output. 

There  is  a  quick  and  easy  memory  trick  for  determining  what  type  of  clamper  you  are 
dealing  with:  If  the  diode  is  pointing  up  (away  from  ground),  the  circuit  is  a  positive 
clamper.  If  the  diode  is  pointing  down  (toward  ground),  the  circuit  is  a  negative  clamper. 


4.3.4  Biased  Clampers 

Biased  clampers  allow  a  waveform  to  be  shifted  so  that  it  falls  above  or  below  a  dc  refer¬ 
ence  other  than  0  V.  Several  biased  clampers  are  shown  in  Figure  4.18. 

The  circuit  shown  in  Figure  4.18a  is  easy  to  analyze  using  the  procedure  we  just  estab¬ 
lished:  The  diode  is  pointing  down,  so  we  know  the  circuit  is  a  negative  clamper.  The  dc 
reference  voltage  for  the  circuit  depends  on  the  value  of  the  dc  biasing  source  (VB)  and 
the  setting  of  the  potentiometer  (7?i).  If  VB  is  negative,  the  potential  applied  to  Dx  falls 
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(a)  Negative-biased  clamper 
FIGURE  4.18  Biased  clampers. 


(b)  Positive-biased  clamper 


somewhere  between  -VB  and  0  V.  For  example,  let’s  say  that  VB  is  -20  V  and  Rx  is  set  so 
that  the  potential  applied  to  Dx  is  -10  V.  In  this  case,  the  input  waveform  would  be 
shifted  so  that  its  positive  peak  voltage  is  approximately  —10  V. 

The  circuit  shown  in  Figure  4.18b  is  a  positive-biased  clamper.  It  works  according  to 
the  same  principles  as  the  negative-biased  clamper.  However,  the  circuit  shifts  its  input 
waveform  so  that  the  negative  peak  of  the  output  waveform  is  approximately  equal  to  the 
potential  applied  to  Dx.  Rx  is  adjustable,  so  the  dc  reference  of  the  circuit  can  be  adjusted 
to  any  voltage  between  VB  and  0  V. 

The  circuits  shown  in  Figure  4.19  require  a  bit  more  explaining.  These  circuits  are 
referred  to  as  zener  clampers.  The  zener  diodes  are  used  to  set  the  dc  reference  voltages 
of  the  circuits.  For  example,  if  a  10  V  zener  is  used  in  Figure  4.19a,  the  dc  reference  volt¬ 
age  is  approximately  +10  V.  If  a  10  V  zener  is  used  in  Figure  4.19b,  the  dc  reference 
voltage  for  that  circuit  is  approximately  - 10  V. 


Zener  clamper 

A  clamper  that  uses  zener 
diodes  to  establish  the  dc 
reference  voltages. 


(a)  Negative  zener  clamper  (b)  Positive  zener  clamper 

FIGURE  4.19  Zener  clampers. 


Why  are  the  /rn-j unction  diodes  included?  The  operation  of  any  clamper  depends  on 
the  one-way  conduction  of  its  diode  (as  illustrated  in  Figure  4.16).  As  you  learned  in 
Chapter  2,  a  zener  conducts  in  both  the  reverse  (zener)  and  forward  operating  regions.  By 
including  Dx  in  Figure  4.19a,  the  circuit  allows  diode  conduction  in  one  direction  only,  as 
follows: 

■  During  the  positive  alternation  of  the  input,  the  diode  branch  conducts,  clamping 
the  positive  peak  to  ( V7  +  0.7  V). 

■  During  the  negative  alternation  of  the  input,  Dx  is  reversed  biased,  blocking  con¬ 
duction  through  the  diode  branch. 

By  preventing  zener  forward  conduction  during  the  negative  alternation  of  the  input 
cycle,  Dx  established  the  one-way  conduction  needed  for  proper  clamper  operation. 

It  is  easy  to  tell  the  difference  between  a  positive  or  negative  clamper  circuit  that  uses 
a  zener  diode  as  a  voltage  reference.  The  direction  of  the  /?«-j  unction  diode  determines 
the  polarity  of  the  clamper  because  the  diode  determines  the  polarity  of  the  charge  on  the 
capacitor. 
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4.3.5  One  Final  Note 


Zener  clampers  are  somewhat  limited;  that  is,  they  come  in  only  two  varieties: 


The  term  common-cathode  is 
used  to  describe  components 
that  are  connected  cathode-to- 
cathode.  By  the  same  token,  the 
tepm  common-anode  is  used  to 
describe  components  that  are 
connected  anode- to -anode. 


1.  Negative  clampers  with  positive  dc  reference  voltages. 

2.  Positive  clampers  with  negative  dc  reference  voltages. 

For  example,  you  cannot  have  a  positive  zener  clamper  with  a  positive  dc  reference  volt¬ 
age.  This  is  because  the  pn-junction  diode  and  the  zener  diode  must  be  connected  as 
either  common-cathode  (Figure  4.19a)  or  common-anode  (Figure  4.19b)  components.  If 
Dx  in  Figure  4.19a  is  reversed,  there  is  nothing  to  prevent  the  diode  branch  from  conduct¬ 
ing  during  the  negative  alternation  of  the  input  signal,  eliminating  the  circuit  clamping 
action.  This  defeats  the  purpose  of  including  the  diode  in  the  first  place.  By  the  same 
token,  reversing  Dj  in  Figure  4.19b  allows  the  diode  branch  in  that  circuit  to  conduct  dur¬ 
ing  the  positive  alternation  of  the  input,  eliminating  the  circuit  clamping  action. 


4.3.6  Summary 

The  clamper  shifts  a  waveform  to  a  predetermined  dc  reference  voltage.  The  dc  reference 
voltage  for  a  clamper  is  determined  by  the  potential  to  which  the  diode  in  the  circuit  is 
referenced. 

When  the  diode  in  a  clamper  is  pointing  up  (away  from  ground),  the  circuit  is  a  posi¬ 
tive  clamper.  The  positive  clamper  shifts  the  input  waveform  so  that  its  negative  peak 
voltage  is  approximately  equal  to  the  dc  reference  voltage  of  the  circuit.  When  the  diode 
in  a  clamper  is  pointing  down  (toward  ground),  the  circuit  is  a  negative  clamper.  The  neg¬ 
ative  clamper  shifts  the  input  waveform  so  that  its  positive  peak  voltage  is  approximately 
equal  to  the  dc  reference  voltage  of  the  circuit. 


Section  Review  ► 


1.  Describe  the  difference  between  positive  clampers  and  negative  clampers  in  terms  of 
input/output  relationships. 

2.  What  effect  does  a  clamper  have  on  the  value  of  Vave  for  a  given  input  waveform? 

3.  What  test  equipment  would  you  use  to  measure  the  value  of  Vax,e  for  a  clamper  output 
signal? 

4.  What  effect  does  a  clamper  have  on  the  rms  voltage  of  a  sine-wave  input  ? 

5.  Explain  the  operation  of  a  clamper  in  terms  of  switching  time  constants. 

6.  What  determines  the  dc  reference  voltage  of  a  clamper? 

7.  Flow  can  you  tell  whether  a  given  clamper  is  a  positive  or  negative  clamper? 

8.  Why  can’t  you  have  a  positive  zener  clamper  with  a  positive  dc  reference  voltage? 


4.4  Voltage  Multipliers 


A  Practical  Consideration: 
Since  the  diodes  in  a  voltage 
multiplier  will  dissipate  some 
power,the  outputpowerfor  the 
moult  is  aiiurf')}  h 


Voltage  multipliers  are  circuits  that  provide  a  dc  output  that  is  a  multiple  of  a  peak  input 
voltage.  For  example,  a  voltage  doubler  provides  a  dc  output  voltage  that  is  twice  its  peak 
input  voltage,  and  so  on. 

While  voltage  multipliers  provide  an  output  voltage  that  is  much  greater  than  the  peak 
input  voltage,  they  are  not  power  generators.  When  a  voltage  multiplier  increases  the 
peak  input  voltage  by  a  given  factor,  the  peak  input  current  is  decreased  by  approximately 
the  same  factor.  Thus,  the  actual  output  power  from  a  voltage  multiplier  is  never  greater 
than  the  input  power. 

Because  the  output  current  capability  of  a  voltage  multiplier  is  reduced  every  time  the 
voltage  is  increased,  the  device  normally  ends  up  with  very  low  current  capability.  As  a 
result,  voltage  multipliers  are  usually  used  in  high-voltage,  low-current  applications.  One 
typical  application  is  to  supply  the  high-voltage,  low-current  dc  voltage  required  to  oper¬ 
ate  the  cathode-ray  tube  (a.k.a.  the  picture  tube)  in  a  television. 
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In  this  section,  we  will  take  a  look  at  several  types  of  voltage  multipliers.  For  ease  of  dis¬ 
cussion,  the  multiplier  circuits  are  shown  as  being  driven  by  a  simple  voltage  source,  Vs.  It 
should  be  noted  that,  in  practice,  multiplier  circuits  are  generally  used  in  power  supply  appli¬ 
cations.  Thus,  they  are  usually  connected  to  the  secondary  of  a  power  supply  transformer. 


4.4.1  Half-Wave  Voltage  Doublers 

The  half-wave  voltage  doubler  consists  of  two  diodes  and  two  capacitors.  Electrolytic 
capacitors  are  normally  used  because  of  their  high  capacity  ratings.  A  half-wave  voltage 
doubler  is  shown  (along  with  its  source  and  load)  in  Figure  4.20. 


FIGURE  4.20 


Half-wave  voltage  doubler 


The  operation  of  the  half-wave  doubler  is  illustrated  in  Figure  4.21.  During  the  nega¬ 
tive  alternation  of  the  input  cycle,  Dx  is  forward  biased,  and  D2  is  reverse  biased,  as 
shown  in  Figure  4.21a.  During  this  half  cycle: 

■  Cx  charges  until  its  plate-to-plate  voltage  (ideally)  equals  the  peak  value  of  the 
input  signal. 

*  C2  discharges  through  the  load. 

During  the  positive  alternation  of  the  input  cycle,  D{  is  reverse  biased,  and  Z>2  is  forward 
biased  (as  shown  in  Figure  4.21b).  During  this  half  cycle: 

■  The  voltage  source  (Vs)  and  Cx  are  effectively  connected  in  series  with  C2. 

■  Vs  and  C,  act  as  series-aiding  voltage  sources,  charging  C2  until  its  plate-to-plate 
voltage  is  approximately  equal  to  2VS(pk). 


(a)  Cx  charges  and  C2  discharges  during  the  negative 
alternation  of  the  input. 


FIGURE  4.21 


(b)  The  source  and  C1  charge  C2  during  the  positive 
alternation  of  the  input. 


Half-wave  voltage  doubler 

Provides  a  dc  output  voltage 
that  is  approximately  twice  its 
peak  input  voltage.  The  name  is 
derived  from  the  fact  that  the 
output  capacitor  is  charged 
during  half  the  input  cycle. 


◄  OBJECTIVE  7 


Lab  Reference:  Half-wave  voltage 
doubler  operation  is  demonstrated 
in  Exercise  5. 
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Reversing  the  directions  of  the 
diodes  and  capacitors  reverses 


OBJECTIVE  8  ► 

Full-wave  voltage  doubler 

Provides  a  dc  output  voltage 
that  is  approximately  twice  its 
peak  input  voltage.  The  name  is 
derived  from  the  fact  that  the 
output  capacitors  are  charged 
during  alternate  half-cycles  of 
the  input. 


When  Vs  returns  to  its  original  polarity,  D2  is  again  turned  off.  With  D2  off,  the  only 
discharge  path  for  C2  is  through  the  load  resistance.  Normally,  the  time  constant  of  this 
circuit  is  such  that  C2  has  little  time  to  lose  any  of  its  charge  before  the  input  reverses 
polarity  again.  In  other  words,  during  the  negative  alternation  of  the  input,  C2  discharges 
slightly.  Then,  during  the  positive  alternation,  D2  is  turned  on,  and  C2  is  recharged  until 
its  plate-to-plate  voltage  again  equals  2VV(pk). 

Since  C2  barely  discharges  between  input  cycles,  the  output  waveform  of  the  half¬ 
wave  voltage  doubler  closely  resembles  that  of  a  filtered  half-wave  rectifier.  Typical  input 
and  output  waveforms  for  a  half-wave  voltage  doubler  are  shown  in  Figure  4.22.  As  the 
figure  shows,  the  circuit  has  a  dc  output  voltage  and  ripple  voltage  that  closely  resemble 
the  output  from  a  filtered  rectifier.  The  dc  output  voltage  is  approximated  as 

V*  =  21/**)  (4.9) 

The  output  ripple  from  a  given  multiplier  is  calculated  in  the  same  manner  as  for  a  fil¬ 
tered  half-wave  rectifier.  As  such,  the  amount  of  ripple  depends  primarily  on  the  values  of 
the  capacitors  and  the  current  demand  of  the  load.  High  capacitor  values  and  low  current 
demands  reduce  the  amount  of  ripple  present  at  the  output  of  a  given  multiplier. 


FIGURE  4.22 

If  the  directions  of  the  diodes  in  Figure  4.20  are  reversed,  along  with  the  polarity  of  the  two 
capacitors,  we  then  have  a  negative  voltage  doubler.  The  circuit  operates  in  the  same  way  as 
the  positive  doubler  except  that  C i  charges  to  a  negative  voltage,  which  adds  to  the  incoming 
negative  peak  voltage.  The  circuit  output  is  a  negative  voltage  at  twice  the  value  of  -  VS(pk). 

4.4.2  Full-Wave  Voltage  Doublers 

The  full-wave  voltage  doubler  closely  resembles  the  half-wave  doubler.  It  contains  two 
diodes  and  two  capacitors  (Cj  and  C2),  as  shown  in  Figure  4.23a.  In  the  figure,  the  volt¬ 
age  source  and  load  resistance  are  both  shown,  along  with  an  added  filter  capacitor,  C3. 
This  filter  capacitor  is  used  to  reduce  the  ripple  output  from  the  voltage  doubler. 

During  the  positive  half-cycle  of  the  input,  D\  is  forward  biased  and  D2  reverse  biased 
by  the  voltage  source.  This  gives  us  the  equivalent  circuit  shown  in  Figure  4.23b.  Again, 
we  have  idealized  the  diodes  to  simplify  the  circuit.  Using  the  equivalent  circuit,  you  can 
see  that  Cf  will  charge  to  the  value  of  Vs(pk). 

When  the  input  polarity  is  reversed,  D\  is  reverse  biased,  and  D2  is  forward  biased. 
This  gives  us  the  equivalent  circuit  shown  in  Figure  4.23c.  As  this  circuit  shows,  C2  now 
charges  to  the  value  of  VS(pk).  Since  C,  and  C2  are  in  series,  the  total  voltage  across  the 
two  components  is  found  as 

Vdc  =  2V**) 

With  the  added  filter  capacitor  (C3),  there  is  very  little  ripple  voltage  at  the  output  of 
the  full-wave  voltage  doubler  under  normal  circumstances.  This  is  one  of  the  advantages 
of  using  the  full-wave  voltage  doubler  in  place  of  the  half-wave  voltage  doubler.  Another 
advantage  of  this  circuit  is  that  it  can  be  used  to  produce  a  dual-polarity  power  supply. 
This  application  will  be  introduced  later  in  this  section. 

4.4.3  Voltage  Triplers  and  Quadruplers 

Voltage  triplers  and  voltage  quadruplers  are  both  variations  on  the  basic  half-wave  volt¬ 
age  doubler.  The  schematic  diagram  for  the  voltage  tripler  is  shown  in  Figure  4.24a. 
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Di  (on) 


(b)  C,  is  charged  (via  Dfi  during  the  positive 
alternation  of  the  input  cycle. 


Di  (off) 


(c)  C2  is  charged  (via  D2)  during  the  negative 
alternation  of  the  input  cycle. 

FIGURE  4.23  Full-wave  voltage  doubler  operation. 


As  you  can  see,  the  voltage  tripler  is  very  similar  to  the  half-wave  voltage  doubler 
shown  in  Figure  4.21.  In  fact,  the  Du  D2,  Cu  and  C2  circuitry  forms  a  half-wave  doubler. 
The  added  components  (D3,  C3,  and  C4)  form  the  rest  of  the  voltage  tripler. 

There  are  two  keys  to  the  operation  of  this  circuit.  The  first  is  that  the  half-wave  volt¬ 
age  doubler  works  exactly  as  described  earlier  in  this  section.  The  second  is  that  D3  con¬ 
ducts  whenever  Dx  conducts. 

When  Vs  is  negative,  as  shown  in  Figure  4.24b,  Dx  and  D3  both  conduct,  allowing  C,  and 
C3  to  charge  up  to  FS(pk).  Figure  4.24c  shows  what  happens  when  Vs  goes  positive:  D2  is  turned 
on,  allowing  C2  to  charge  up  to  2V5(pk).  The  voltages  across  C2  and  C3  now  add  up  to  3  Vsipk). 

C4  is  a  filter  capacitor  that  is  added  to  reduce  the  ripple  in  the  dc  output  voltage.  Since  this 
capacitor  is  in  parallel  with  the  C2/C3  series  circuit,  it  charges  to  a  plate-to-plate  voltage  equal 
to  3  V'v(Pk)-  Note  that  the  value  of  C4  is  chosen  so  that  the  time  constant  formed  with  the  load 
resistance  is  extremely  long.  Thus,  C4  barely  discharges  between  charging  cycles. 

The  voltage  quadrupler  provides  a  dc  output  that  is  four  times  its  peak  input  voltage. 
As  Figure  4.25  shows,  the  voltage  quadrupler  is  simply  made  up  of  two  half-wave  voltage 


Voltage  tripler 

Produces  a  dc  output  voltage 
that  is  three  times  its  peak  input 
voltage. 


Voltage  quadrupler 

Produces  a  dc  output  voltage 
that  is  four  times  its  peak  input 
voltage. 
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(a)  A  voltage  tripler 


^S(pk)  D2(off) 


(b)  C)  and  C3  are  charged  during  the  negative  alternation  of  the  input  cycle. 


FIGURE  4.24 


(c)  C2  is  charged  during  the  positive  alternation  of  the  input  cycle. 


Voltage  tripler  operation. 


FIGURE  4.25 


doublers.  The  half-wave  doubler  that  is  made  of  Dh  D2,  Cu  and  C2  charges  C2  until  its 
plate-to-plate  voltage  is  equal  to  2VS(pk).  The  half-wave  doubler  formed  by  the  other  com¬ 
ponents  charges  C4  until  its  plate-to-plate  voltage  is  also  equal  to  2VS(pk).  The  series  com¬ 
bination  of  C2  and  C4  charges  the  filter  capacitor  (C5)  until  its  plate-to-plate  voltage  is 
equal  to  4Vs(pk).  Again,  the  value  of  C5  is  chosen  so  that  it  retains  most  of  its  charge 
between  charging  cycles. 


4.4.4  A  Dual-Polarity  Power  Supply 


One  application  for  the  voltage  multiplier  can  be  seen  in  a  basic  dual-polarity  dc  power 
supply.  A  dual-polarity  power  supply  is  one  that  provides  both  positive  and  negative  dc 
output  voltages.  One  such  supply  is  shown  in  Figure  4.26. 


FIGURE  4.26 


Dual-polarity  power  supply 

A  dc  supply  that  provides  both 
positive  and  negative  dc  output 
voltages. 


The  transformer  in  the  figure  is  connected  to  a  full-wave  voltage  doubler.  The  common 
point  for  the  capacitors  (C,  and  C2)  is  used  as  the  power  supply  ground,  meaning  that  all 
circuit  voltages  are  measured  with  respect  to  this  point.  Thus,  point  A  will  be  positive 
with  respect  to  ground,  and  point  B  will  be  negative  with  respect  to  ground.  Note  that  the 
two  dc  output  voltages  will  be  approximately  equal  in  magnitude  to  Vs(pk).  For  example, 
if  Vs(pk)  is  12  V,  the  power  supply  will  have  outputs  approximately  equal  to  +12  Vdc  and 
-12  V*.  The  fdter  capacitor  (C3)  is  added  to  reduce  the  ripple  in  the  dc  output  voltages. 

A  dual-voltage  supply  such  as  this  is  used  only  in  low-current,  noncritical  applications 
where  exact  voltages  are  not  a  concern.  A  practical,  dual-polarity  power  supply  is  more 
complicated  and  includes  more  fdtering  and  some  type  of  voltage  regulation  for  each 
polarity.  You  will  see  one  such  power  supply  in  Chapter  21. 


1.  Describe  the  operation  of  the  half-wave  voltage  doubler.  ◄  Section  Review 

2.  Describe  the  operation  of  the  full-wave  voltage  doubler. 

3.  Why  are  full-wave  voltage  doublers  preferred  over  half-wave  voltage  doublers? 

4.  What  is  the  similarity  between  the  voltage  tripler  and  the  half-wave  voltage  doubler? 

5.  What  is  the  similarity  between  the  voltage  quadrupler  and  the  half-wave  voltage 
doubler? 


.5  LED  Applications 


The  most  common  application  for  the  LED  is  as  a  power  indicator  that  can  replace  a 
neon  or  incandescent  lamp.  The  power  indicator  that  lights  on  the  front  of  your  stereo 
whenever  the  system  is  on  is  probably  an  LED. 

Another  common  application  for  the  LED  is  as  a  level  indicator  in  switching  circuits.  ◄  OBJECTIVE  9 
Given  a  circuit  whose  output  will  always  be  at  either  a  high  dc  voltage  level  or  a  low  dc 
voltage  level ,  the  LED  can  be  used  to  indicate  the  output  state  at  any  given  time.  This 
application  is  illustrated  in  Figure  4.27. 
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Seven-segment  display 

A  device  made  up  of  seven 
LEDs  shaped  in  a  figure-8  that 
is  used  to  display  numbers. 


Common-cathode  display 

A  display  in  which  all  LED 
cathodes  are  tied  to  a  single  pin. 


FIGURE  4.27  An  LED  as  a  level  indicator. 

The  circuit  shown  in  Figure  4.27a  uses  an  LED  to  indicate  when  the  output  from  the 
driving  circuit  is  at  the  +5  V  level.  With  a  +5  V  output,  the  diode  is  forward  biased,  and 
the  LED  lights.  When  the  output  from  the  driving  circuit  returns  to  0  V,  the  LED  biasing 
potential  is  removed,  and  the  LED  no  longer  lights. 

In  Figure  4.27b,  the  LED  is  used  to  indicate  when  the  output  from  the  driving  circuit  is 
0  V.  When  the  output  from  the  driving  circuit  drops  to  0  V,  the  difference  of  potential 
across  the  LED  circuit  causes  the  component  to  light.  When  the  output  from  the  driving 
circuit  returns  to  +5  V,  there  is  no  difference  of  potential  across  the  LED  circuit,  and  the 
LED  no  longer  lights. 

4.5.1  Multisegment  Displays 

LEDs  are  used  as  the  primary  components  in  multisegment  displays.  Multisegment  dis¬ 
plays  are  used  to  display  alphanumeric  characters.  One  type  of  multisegment  display  is 
the  seven-segment  display  shown  in  Figure  4.28.  The  seven-segment  display  uses  seven 
individual  LEDs  that  are  arranged  in  a  figure-8  configuration.  By  lighting  a  combination 
of  individual  LEDs,  any  number  from  0  to  9,  along  with  several  letters,  can  be  displayed. 
For  example,  if  LEDs  b,  c,  f,  and  g  are  lit,  the  display  will  show  the  number  4. 


FIGURE  4.28 


The  seven-segment  display  shown  in  Figure  4.28  is  called  a  common-cathode 
display.  This  term  means  that  the  cathodes  of  the  LEDs  are  tied  together.  Because  of  this, 
the  display  can  function  with  only  one  ground  connection.  The  individual  LEDs  are  lit  by 
applying  a  high  voltage  at  the  appropriate  pins.  Normally,  this  high  voltage  is  within  the 
range  of  +5  to  +10  V.  Note  that  each  LED  in  the  seven-segment  display  must  have  its 
own  series  current-limiting  resistor. 
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Another  type  of  display  is  the  common-anode  display.  This  type  of  display  has  a 
single  +  V  input  that  is  common  to  all  the  LEDs.  Then  individual  LEDs  are  lit  by  apply¬ 
ing  a  ground  to  the  appropriate  cathode. 

Variations  on  the  basic  seven-segment  display  include  those  with  added  LEDs  and 
built-in  decoders.  Figure  4.29a  shows  a  display  that  allows  any  letter  or  number  to  be  pro¬ 
duced.  Figure  4.29b  represents  a  5  X  7  dot  matrix  readout  that  can  display  the  digits  0  to 
9,  the  alphabet,  and  other  symbols  by  turning  on  a  combination  of  the  individual  LEDs. 


Common-anode  display 
A  display  in  which  all  LED 
anodes  are  tied  to  a  single  pin. 


(a)  16-Segment  alphanumeric  (b)  5  x  7  Dot  matrix  display 

display 

FIGURE  4.29 


4.5.2  Liquid-Crystal  Displays  (LCDs) 

Liquid-crystal  displays  (LCDs)  are  low-power  displays  that  are  used  in  all  kinds  of 
electronic  systems,  from  digital  watches  and  calculators  to  laptop  computers  and  flat 
screen  TVs.  LCD  displays  use  far  less  power  than  comparable  LED  displays  because  they 
block  or  pass  the  light  from  other  sources  rather  than  emit  their  own. 

The  simplest  LCD  displays  consist  of  clear  segments  on  a  reflective  background  mate¬ 
rial.  When  a  voltage  is  applied  across  a  given  segment,  that  segment  does  not  pass  (or 
reflect)  light,  giving  it  a  dark  appearance.  When  the  voltage  is  removed,  the  segment 
clears,  allowing  the  background  material  to  reflect  any  ambient  (or  artificial)  light.  Char¬ 
acters  and  numbers  are  produced  by  activating  the  appropriate  segments. 

More  advanced  LCD  displays  (like  those  in  a  laptop  computer)  are  backlit.  These  dis¬ 
plays  contain  built-in  fluorescent  tubes  that  light  the  display  surface.  The  average  lifetime 
of  these  tubes  is  approximately  15,000+  hours.  (At  6  hours  a  day,  that  comes  to  just 
under  7  years.) 


Liquid-crystal  display  (LCD) 

A  display  consisting  of 
segments  that  reflect  (or  do  not 
reflect)  ambient  light. 


1.  Describe  the  use  of  an  LED  as  a  power-level  indicator.  ◄  Section  Review 

2.  Describe  the  use  of  LEDs  in  multisegment  displays. 

3.  Describe  the  LCD  and  its  operation. 


.6  Diode  Circuit  Troubleshooting 


Now  that  we  have  covered  the  operating  principles  of  clippers,  clampers,  voltage  multi¬ 
pliers,  and  multisegment  displays,  we  will  take  a  look  at  some  of  the  fault  symptoms  that 
commonly  occur  in  these  circuits. 

4.6.1  Clipper  Faults 

The  faults  that  normally  occur  in  series  clippers  are  the  same  as  those  of  the  half-wave  rec-  ◄  OBJECTIVE  1 1 
tifier  that  were  discussed  in  Chapter  3.  The  fault-symptom  relationships  shown  in  Table 

4. 1  are  those  for  the  basic  shunt  clipper  (shown  in  Figure  4.30)  and  the  biased  clipper. 
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FIGURE  4.30 


A  Practical  Consideration: 
Carbon  resistors  do  not 
internally  short.  If  a  short 
exists,  the  short  is  normally 


caused  by  a  solder  bridge  or  by 
accidentally  using  the  wrong 


TABLE  4.1  Shunt  Clipper  Faults 
Fault  Symptom(s) 

Rs  open  Since  the  source  is  isolated  from  the  load,  the  load  voltage  and  current  both  drop 

to  zero. 

Z),  open  Clipping  action  is  lost,  so  the  output  waveform  is  nearly  identical  in  shape  to  the 

input  waveform. 

Dx  shorted  The  symptoms  are  the  same  as  those  for  Rs  open  because  the  full  applied  voltage 

is  dropped  across  Rs.  The  shorted  diode  shorts  out  the  load. 


4.6.2  Clamper  Faults 

The  fault-symptom  relationships  shown  in  Table  4.2  are  those  for  the  basic  clamper 
shown  in  Figure  4.31a. 

The  biased  clamper  (Figure  4.31b)  may  develop  any  of  the  fault-symptom  combina¬ 
tions  listed  in  Table  4.2.  In  addition,  it  can  develop  any  of  the  fault-symptom  combina¬ 
tions  given  in  Table  4.3. 


TABLE  4.2  Clamper  Faults 

Fault  Symptom(s) 


Ci  open 
C,  shorted 


C  i  leaky 


D,  open 
shorted 


The  voltage  source  is  isolated  from  the  rest  of  the  circuit,  so  load  voltage  and 
current  drop  to  zero. 

The  circuit  resembles  a  shunt  clipper  without  a  current-limiting  resistor.  Either 
the  diode  will  be  destroyed  from  excessive  current  or  the  signal  source  will  be 
shorted  to  ground  and  damaged. 

The  capacitor  attempts  to  charge  but  is  not  able  to  hold  the  charge  for  any  period 
of  time.  This  causes  the  dc  reference  of  the  output  signal  to  change  constantly. 
The  waveform  itself  is  also  extremely  distorted. 

All  clamping  action  is  lost  and  the  output  waveform  is  centered  around  0  V. 

The  voltage  source  is  shorted  to  ground  by  the  short  RC  time  constant  of  the 
capacitor  and  the  shorted  diode.  The  output  from  the  voltage  source  is  loaded 
down,  and  the  voltage  source  itself  may  be  damaged. 


Ci 


(a)  Basic  clamper 


Ci 


FIGURE  4.31 


Ci 
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TABLE  4.3  Additional  Biased-Clamper  Faults 

Fault  Symptom(s) 

VB  missing  If  the  dc  biasing  voltage  is  missing  (drops  to  0  V),  there  is  still  some  dc  offset  in 

the  circuit  output.  This  dc  offset,  which  will  not  equal  the  normal  dc  offset  for 
the  circuit,  is  produced  by  the  diode  current  through  /?,. 

/?i  open  If  R  i  opens,  the  results  are  the  same  as  for  D,  opening.  All  clamping  action  is 

lost,  and  the  output  waveform  is  centered  around  0  V. 


The  zener  clamper  (Figure  4.31c)  may  develop  any  of  the  capacitor  fault-symptom 
combinations  listed  in  Table  4.2.  Also,  if  either  diode  opens,  the  results  will  be  the  same 
as  those  shown  in  Table  4.2  for  an  open  diode.  If  either  diode  in  the  zener  clamper  shorts, 
the  results  are  slightly  different  from  those  listed  in  Table  4.2.  The  results  of  either  diode 
shorting  in  the  zener  clamper  are  shown  in  Table  4.4. 

TABLE  4.4  Additional  Zener  Clamper  Faults 


Fault  Symptom(s) 

D{  shorted  If  D{  shorts,  the  clamper  acts  as  an  unbiased  clamper.  As  you  can  see,  shorting  D] 

in  Figure  4.31c  gives  us  the  exact  same  circuit  as  the  one  shown  in  Figure  4.31a. 
Di  shorted  The  zener  diode  turns  on  during  both  alternations  of  the  input  waveform.  The 

result  is  an  extremely  distorted  output  waveform. 


As  always,  there  is  a  strong  possibility  that  both  diodes  in  the  zener  clamper  will  be 
destroyed  if  either  diode  fails.  You  may  recall  from  our  discussion  on  rectifier  circuits  that 
it  is  not  uncommon  for  a  failing  diode  to  destroy  any  series  diodes  in  the  process.  The 
best  thing  to  do  whenever  you  find  a  faulty  diode  is  to  replace  any  diodes  in  series  with 
the  component. 

4.6.3  Voltage-Multiplier  Faults 

Of  all  the  circuits  covered  in  this  chapter,  voltage  multipliers  are  by  far  the  most  difficult 
to  troubleshoot.  The  maze  of  diodes  and  capacitors  that  make  up  the  voltage  multiplier 
can  develop  many  faults,  each  having  symptoms  that  may  closely  resemble  those  of  some 
other  fault. 

The  best  approach  to  troubleshooting  the  voltage  multiplier  is  to  start  by  reading  the 
voltage  across  the  output  filter  capacitor.  The  voltage  across  the  filter  capacitor  may  help 
to  isolate  the  area  where  the  fault  is  located.  For  example,  let’s  say  that  we  are  testing  the 
voltage  tripler  shown  in  Figure  4.32  and  that  the  voltage  across  the  filter  capacitor  (C4)  is 
close  to  2VS(pk).  This  would  indicate  that  C3  is  not  charging  since  the  voltage  across  this 
component  is  usually  equal  to  Vs.  We  would  then  test  D3  and  C3,  the  two  components  in 
the  C3  charging  path. 


Note:  The  voltages  shown  are  the  normal  readings  for  the  circuit. 

FIGURE  4.32 


Additional  faults  that  may 
devalue  .a  biased (.kwijwrs. 


Additional  faults  that  may 


◄  OBJECTIVE  12 


A  Practical  Consideration: 

When  working  with  voltage 
multipliers,  you  should  be 
extremely  careful  because  of  the 
high  voltages  that  may  be  present 
within  the  circuit.  All  capacitors 
should  be  discharged  before  any 
component  is  removed  from  the 
circuit.  When  replacing 
capacitors  in  voltage  multipliers, 
the  replacement  capacitors  must 
have  the  same  or  higher  voltage 
ratings  as  the  originals.  Using  a 
lower-rated  capacitor  (or 
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If  the  voltage  across  C4  were  approximately  equal  to  Vsipk),  we  would  then  check  the 
voltage  across  C2  since  the  voltage  across  this  component  is  normally  equal  to  2VSipky  If 
the  voltage  across  the  component  was  not  correct,  we  would  check  the  voltage  across  Cx. 
If  the  voltage  across  Cx  was  correct,  we  would  test  D2  and  C2.  If  the  voltage  across  Cx 
was  not  correct,  we  would  test  Dx  and  Cx. 

When  testing  voltage  multipliers,  it  helps  if  you  have  a  quick  reference  showing  you 
the  normal  capacitor  voltage  readings  for  the  various  multiplier  circuits.  Such  a  reference 
is  supplied  in  Table  4.5. 


A  Practical  Consideration: 
Don’t  expect  the  capacitor 
voltages  to  be  exactly  equal  to 
the  peak  values  we  have 
assumed  in  our  discussions. 
The  diodes  each  drop  some 
voltage,  and  the  capacitors  i 
actually  charging  and 
di$ch&rinn£  < 


TABLE  4.5  Normal  Capacitor  VoLtage  Readings  for  Various  Multiplier  Circuits 


Capacitor 

Half-Wave 

Doubler 

Full-Wave 

Doubler 

Tripler 

Quadrupler 

c, 

^(pk) 

Ks(pk) 

k,S(pk) 

ks(pk) 

c2 

2Ks(pk) 

Ks(pk) 

2F$(pk) 

2^(Pk) 

C3 

2k.s(pio 

^S(pk) 

Ks(pk) 

c4 

3T5(pk) 

2Ts(pk) 

C5 

4Ts(pW 

When  testing  a  voltage  multiplier,  use  the  listing  shown  in  Table  4.5  and  the  following 
procedure: 


1.  Measure  the  voltage  across  the  output  capacitor.  The  reading  may  direct  you  to  test 
one  of  the  parallel  charging  capacitors.  For  example,  if  the  voltage  across  C4  (Fig¬ 
ure  4.32)  is  low  by  an  amount  equal  to  Vs,  you  would  check  C3.  If  it  is  low  by  an 
amount  equal  to  2FS(pk),  you  would  check  C2. 

2.  Measure  the  voltage  across  any  capacitor  that  lies  in  the  charge  path  of  an 
uncharged  capacitor.  For  example,  if  C2  (Figure  4.32)  is  not  charged,  you  would 
measure  the  voltage  across  Cx. 

3.  Continue  the  process  until  you  find  the  uncharged  capacitor  that  is  closest  to  the 
source.  Then  test  all  the  components  in  the  charge  path  for  that  capacitor.  For  exam¬ 
ple,  if  C2  (Figure  4.32)  is  not  charged  and  the  voltage  across  C,  is  normal,  check  D2 
and  C2.  If  the  voltages  across  Cx  and  C2  are  both  wrong,  check  Dx  and  C,. 

If  none  of  the  capacitor  charges  is  correct,  and  there  is  no  problem  with  either  Cx  or  Dh 
the  voltage  source  is  most  likely  the  problem. 


Decoder-driver 

An  IC  used  to  drive  a 
multisegment  display. 


4.6.4  Display  Faults 

Multisegment  displays  are  driven  by  ICs  called  decoder-drivers.  The  most  common  symp¬ 
tom  of  a  fault  in  the  driver-display  circuit  is  the  failure  of  one  or  more  segments  to  light. 

The  testing  of  a  driver-display  circuit  is  simple.  When  a  segment  should  be  on,  check 
the  driving  pin  for  that  segment.  If  the  voltage  there  is  correct  (a  positive  voltage  for  a 
common-cathode  display  and  0  V  for  a  common-anode  display),  the  problem  is  the  dis¬ 
play.  If  the  voltage  is  not  there,  the  problem  is  likely  the  decoder-driver.  This  assumes 
that  the  inputs  to  the  decoder-driver  are  correct. 

Some  multisegment  displays  have  the  decoder-driver  circuit  built  within  the  unit.  This 
eliminates  the  need  for  external  decoder  and  driver  circuits  and  for  current-limiting  resis¬ 
tors.  When  testing  this  type  of  component,  the  inputs  are  checked  and  compared  to  the  out¬ 
put  of  the  display.  If  the  output  of  the  display  is  incorrect,  the  entire  unit  should  be  replaced. 
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1.  Describe  the  diode  faults  that  can  occur  in  the  zener  clamper  and  the  symptoms  of  each. 

2.  Why  should  you  replace  both  diodes  in  a  zener  clamper  if  one  of  them  shorts? 

3.  Describe  the  process  used  to  troubleshoot  a  voltage  multiplier. 
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CHAPTER  SUMMARY 


Here  is  a  summary  of  the  major  points  made  in  this  chapter: 

1.  A  clipper  (or  limiter)  is  a  circuit  used  to  eliminate  a  portion  of  an  ac  signal. 

2.  A  clamper  (or  dc  restorer )  is  a  circuit  used  to  change  the  dc  reference  of  an  ac  signal. 

3.  A  voltage  multiplier  is  a  circuit  used  to  produce  a  dc  output  voltage  that  is  some 
multiple  of  an  ac  peak  input  voltage. 

4.  A  multisegment  display  is  an  LED  circuit  used  to  display  alphanumeric  symbols 
(numbers,  letters,  punctuation  marks,  etc.). 

5.  A  series  clipper  contains  a  diode  that  is  positioned  in  series  between  a  source  and 
its  load. 

a.  The  circuit  input  passes  through  to  the  output  when  the  diode  is  forward  biased 
(conducting). 

b.  When  the  diode  is  reverse  biased  by  the  input  signal,  it  does  not  conduct.  In  this 
case,  there  is  no  voltage  developed  across  the  load. 

6.  A  negative  series  clipper  eliminates  the  negative  portion  of  its  input  signal.  A  posi¬ 
tive  series  clipper  eliminates  the  positive  portion  of  its  input  signal  (see  Figure  4.2). 

7.  A  shunt  clipper  contains  a  diode  that  is  in  parallel  with  the  load. 

a.  When  the  diode  is  reverse  biased  (not  conducting),  the  output  waveform  resem¬ 
bles  the  input  waveform. 

b.  When  the  diode  is  forward  biased  (conducting),  the  load  is  shorted.  Therefore, 
the  voltage  across  the  load  equals  the  drop  across  the  diode. 

8.  Shunt  clipper  operation  is  illustrated  in  Figure  4.3.  The  series  current-limiting  resis¬ 
tor  ( Rs )  is  included  to  prevent  the  diode  from  shorting  the  signal  source  to  ground 
when  forward  biased. 

9.  A  biased  clipper  is  a  shunt  clipper  that  uses  a  dc  voltage  source  to  bias  the  diode. 
This  allows  the  circuit  to  clip  the  input  at  values  other  than  the  diode  VF. 

10.  A  comparison  of  the  various  clipper  circuits  is  provided  in  Figure  4.1 1. 

11.  Clippers  are  commonly  used  to: 

a.  Alter  the  shape  of  a  waveform. 

b.  Protect  a  circuit  from  transients. 

12.  A  transient  is  an  abrupt  current  or  voltage  spike  that  has  an  extremely  short  dura¬ 
tion.  Transients  can  seriously  damage  any  circuit  not  designed  to  handle  them. 

13.  Several  transient  protection  circuits  are  shown  in  Figure  4.12. 

14.  An  AM  detector  is  a  diode  clipper  that  converts  a  varying  amplitude  ac  input  to  a 
varying  dc  level.  AM  detector  operation  is  illustrated  in  Figure  4.13. 

15.  A  positive  clamper  shifts  its  entire  input  signal  above  a  dc  reference  voltage. 

16.  A  negative  clamper  shifts  its  entire  input  signal  below  a  dc  reference  voltage. 

17.  Clamper  input/output  relationships  are  illustrated  in  Figure  4.14. 

18.  A  clamper  changes  the  peak  and  dc  average  values  of  its  input  waveform.  However, 
it  does  not  affect  the  waveform’s  rms  and  peak-to-peak  values. 

19.  Clampers  work  on  the  principle  of  switching  time  constants  (see  Figure  4.15). 

a.  The  capacitor  charge  time  is  extremely  short  when  compared  to  the  input  cycle 
time. 

b.  The  capacitor  discharge  time  is  extremely  long  when  compared  to  the  input 
cycle  time. 

20.  Clamper  operation  is  illustrated  in  Figures  4.15  and  4.16. 

21.  Biased  clampers  allow  us  to  shift  a  waveform  above  (or  below)  a  dc  reference  other 
than  the  approximate  value  of  0  V.  Several  biased  clampers  are  shown  in  Figure  4.18. 

22.  Zener  clampers  use  a  zener  diode  in  series  with  the  pn-junction  diode  to  establish  a 
dc  reference  voltage  (that  is  approximately  equal  to  Vz ).  Several  zener  clampers  are 
shown  in  Figure  4.19. 

23.  There  are  only  two  types  of  zener  clampers: 

a.  Negative  clampers  with  positive  dc  reference  voltages. 

b.  Positive  clampers  with  negative  dc  reference  voltages. 

24.  The  term  common-cathode  is  often  used  to  describe  two  diodes  that  are  connected 
cathode-to-cathode.  The  term  common-anode  is  used  to  describe  two  diodes  that 
are  connected  anode-to-anode. 
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25.  A  voltage  multiplier  provides  a  dc  output  voltage  that  is  some  multiple  of  its  peak 
input  voltage. 

a.  As  voltage  is  increased  by  a  given  factor,  current  is  decreased  by  approximately 
the  same  factor. 

b.  Voltage  multipliers  are  generally  used  in  high-voltage,  low-current  applications. 

c.  Since  all  the  diodes  in  a  voltage  multiplier  use  some  amount  of  power,  the  output 
power  from  a  multiplier  is  always  lower  than  its  input  power. 

26.  A  half-wave  voltage  doubler  provides  a  dc  output  that  is  approximately  twice  its 
peak  input  voltage.  The  name  is  derived  from  the  fact  that  the  output  capacitor  is 
charged  during  one-half  of  the  circuit  input  cycle. 

27.  The  operation  of  a  half-wave  voltage  doubler  is  illustrated  in  Figure  4.21. 

28.  A  full-wave  voltage  doubler  uses  two  capacitors  to  produce  an  output  that  is 
approximately  twice  its  peak  input  voltage.  The  name  is  derived  from  the  fact  that 
the  two  series  capacitors  are  charged  during  alternate  half-cycles  of  the  circuit 
input  cycle. 

29.  The  configuration  of  a  full-wave  voltage  doubler  allows  a  filter  capacitor  to  be 
placed  across  the  two  series  capacitors.  This  filter  capacitor  reduces  the  ripple  in 
the  circuit  output. 

30.  Full-wave  voltage  doubler  operation  is  illustrated  in  Figure  4.23. 

31.  A  voltage  tripler  produces  a  dc  output  voltage  that  is  approximately  three  times  its 
peak  input  voltage.  Voltage  tripler  operation  is  illustrated  in  Figure  4.24. 

32.  A  voltage  quadrupler  produces  a  dc  output  voltage  that  is  approximately  four  times 
its  peak  input  voltage.  A  voltage  quadrupler  can  be  made  using  two  half-wave  volt¬ 
age  doublers,  as  shown  in  Figure  4.25. 

33.  LEDs  are  commonly  used  as  power  indicators  and  level  indicators. 

a.  A  power  indicator  lights  whenever  a  system  (like  a  stereo)  is  turned  on. 

b.  A  level  indicator  is  used  to  indicate  whether  a  dc  voltage  is  at  one  level  or 
another.  Several  level  indicators  are  shown  in  Figure  4.27. 

34.  LEDs  are  used  as  the  primary  components  in  multisegment  displays. 

a.  A  seven-segment  display  (Figure  4.28)  is  made  up  of  seven  LEDs  shaped  in  a 
figure-8. 

b.  A  common-cathode  display  is  one  in  which  all  LED  cathodes  are  tied  to  a  single 
pin. 

c.  A  common-anode  display  is  one  in  which  all  LED  anodes  are  tied  to  a  single 
pin. 

35.  A  liquid-crystal  display  (LCD)  is  a  low-power  display  made  of  segments  that  can 
be  made  to  pass  or  block  light. 

a.  When  no  voltage  is  applied  to  a  segment,  that  segment  is  clear,  allowing  light  to 
pass  through  the  segment. 

b.  When  a  voltage  is  applied  to  a  segment,  that  segment  darkens,  blocking  light. 

36.  LCDs  are  backlit  (like  those  in  a  laptop  computer)  or  simply  reflective  (like  those  in 
a  digital  watch). 

37.  The  fault  symptoms  for  series  clippers  are  the  same  as  those  given  in  Chapter  3  for 
half-wave  rectifiers  (see  Section  3.9). 

38.  The  fault  symptoms  for  shunt  clippers  are  listed  in  Table  4.1. 

39.  The  fault  symptoms  for  clampers  are  listed  in  Tables  4.2  through  4.4. 

40.  Care  must  be  taken  when  troubleshooting  voltage  multipliers  since  many  faults  can 
prevent  the  circuit  capacitors  from  discharging. 

41.  The  normal  capacitor  voltages  for  various  multipler  circuits  are  listed  in  Table  4.5. 

42.  Most  multisegment  displays  are  driven  by  external  ICs  called  decoder-drivers. 
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(4.2) 


4.1 


162  Chapter  4 _ Common_ Diode  Applications 


VL  =  Vin  -  0.7  V 
V[)\  ~  fin 


4.1 


Equation  Number 

Equation 

Section  Number 

(4.3) 

VL  =  OV 

4.1 

(4.4) 

y  -  Rl  y 

L  rl  +  rs  “ 

4.1 

(4.5) 

£ 

1 

II 

4.1 

(4.6) 

VRs  =-Vin  +  0.7  V 

4.1 

(4.7) 

Tc  =  5  (RM 

4.3 

(4.8) 

Td  =  5(RLCi) 

4.3 

(4.9) 

Vdc  —  2Ys(Pk) 

4.4 
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-  PRACTICE  PROBLEMS 

Section  4.1 

1.  Determine  the  positive  peak  load  voltage  for  the  circuit  shown  in  Figure  4.33a. 

2.  Draw  the  output  waveform  for  the  circuit  shown  in  Figure  4.33a.  Label  the  peak 
voltage  values  on  the  waveform. 

3.  Determine  the  negative  peak  load  voltage  for  the  circuit  shown  in  Figure  4.33b. 
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FIGURE  4.33 
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4.  Draw  the  output  waveform  for  the  circuit  shown  in  Figure  4.33b.  Label  the  peak 
voltage  values  on  the  waveform. 

5.  Determine  the  peak  voltage  values  for  the  output  from  Figure  4.33c.  Then,  draw  the 
waveform,  and  include  the  voltage  values  in  the  drawing. 

6.  Repeat  Problem  5  for  the  circuit  shown  in  Figure  4.33d. 

7.  The  potentiometer  in  Figure  4.34a  is  set  so  that  the  anode  of  Dx  is  at  —2  V.  If  the 
value  of  Vs  is  14  Vpp,  what  are  the  peak  load  voltages  for  the  circuit? 


Rs  F>s 

iso  a  i.2  kn 


FIGURE  4.34 


8.  The  potentiometer  in  Figure  4.34a  is  set  so  that  the  anode  voltage  of  D\  is  —8  V. 
Assuming  that  Vs  =  24  Vpp,  determine  the  peak  load  voltages  for  the  circuit,  and 
draw  the  output  waveform. 

9.  The  potentiometer  in  Figure  4.34b  is  set  so  that  the  cathode  voltage  of  D,  is  +4  V. 
Assuming  that  Vs  -  22  Vpp,  determine  the  peak  load  voltages  for  the  circuit,  and 
draw  the  output  waveform. 

10.  The  potentiometer  in  Figure  4.34b  is  set  so  that  the  cathode  voltage  of  Dx  is  +2  V. 
Assuming  that  Vs  -  4  Vpp,  determine  the  peak  load  voltages  for  the  circuit,  and 
draw  the  output  waveform.  (Be  careful  on  this  one!) 

Section  4.3 

11.  A  clamper  with  a  24  Vpp  input  shifts  the  waveform  so  that  its  peak  voltages  are  0 
and  —24  V.  Determine  the  dc  average  of  the  output  waveform. 

12.  A  clamper  with  a  14  Vpp  input  shifts  the  waveform  so  that  its  peak  voltages  are  0 
and  + 14  V.  Determine  the  dc  average  of  the  output  waveform. 

13.  The  circuit  shown  in  Figure  4.35a  has  values  of  RD]  =  24  Cl,  RL  =  2.2  kfl,  and  C,  = 
4.7  p,F.  Determine  the  charge  and  discharge  times  for  the  capacitor. 


Cl  C. 


14.  The  circuit  shown  in  Figure  4.35a  has  a  14  Vpp  input  signal.  Draw  the  output  wave¬ 
form,  and  determine  its  peak  voltage  values. 

15.  The  circuit  shown  in  Figure  4.35a  has  values  of  RDl  =  80,^=  1.2  kfl,  and  C  = 
33  p.F.  Determine  the  charge  and  discharge  times  for  the  capacitor. 
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16.  The  circuit  shown  in  Figure  4.35b  has  values  of  Rm  =  14  il,  R,  =  1.5  kfl,  and 
C  =  1  |xF.  Determine  the  charge  and  discharge  times  for  the  capacitor. 

17.  The  input  to  the  circuit  shown  in  Figure  4.35b  is  a  12  Vpp  signal.  Determine  the  peak 
load  voltages  for  the  circuit,  and  draw  the  output  waveform. 

18.  The  potentiometer  in  Figure  4.36a  is  set  so  that  the  voltage  at  the  anode  of  £>,  is 
+3  V.  The  value  of  Vs  is  9  Vpp.  Draw  the  output  waveform,  and  determine  its  peak 
voltage  values. 


19.  The  potentiometer  in  Figure  4.36b  is  set  so  that  the  cathode  voltage  of/)!  is  +6  V. 
The  value  of  Vs  is  30  Vpp.  Draw  the  output  waveform  for  the  circuit,  and  determine 
its  peak  voltage  values. 

20.  Draw  the  output  waveform  for  the  circuit  shown  in  Figure  4.37a,  and  determine  its 
peak  voltage  values. 


Ci  C- 1 

3.3  nF  10  uF 


(a)  (b) 


FIGURE  4.37 


21.  Draw  the  output  waveform  for  the  circuit  shown  in  Figure  4.37b,  and  determine  its 
peak  voltage  values. 

Section  4.4 

22.  The  circuit  shown  in  Figure  4.38  has  a  15  Vpk  input  signal.  Determine  the  values  of 
VCI  and  Vcj  for  the  circuit.  Assume  that  the  diodes  are  ideal  components. 


FIGURE  4.38 
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23.  The  circuit  shown  in  Figure  4.38  has  a  48  Vpk  input  signal.  Determine  the  values  of 
VCi  and  Vc2  for  the  circuit.  Assume  that  the  diodes  are  ideal  components. 

24.  The  circuit  shown  in  Figure  4.39  has  a  24  Vpk  input  signal.  Determine  the  values  of 
Vcu  Vc2,  and  VC3  for  the  circuit.  Assume  that  the  diodes  are  ideal  components. 


D^ 


25.  The  circuit  shown  in  Figure  4.39  has  a  25  Vac  input  signal.  Determine  the  values  of 
VCu  Vc*  and  VC3  for  the  circuit.  Assume  that  the  diodes  are  ideal  components.  (Be 
careful  on  this  one!) 

26.  Determine  the  dc  output  voltage  for  the  circuit  shown  in  Figure  4.40.  Assume  that 
the  diodes  are  ideal  components. 


27.  Determine  the  dc  output  voltage  for  the  circuit  shown  in  Figure  4.41.  Assume  that 
the  diodes  are  ideal  components. 


D, 


FIGURE  4.41 

28.  The  circuit  shown  in  Figure  4.42  has  a  20  Vpk  input  signal.  Determine  the  values  of 
VC1,  Vc2,  Vcs,  and  VC4  for  the  circuit.  Assume  that  the  diodes  are  ideal  components. 

29.  The  circuit  shown  in  Figure  4.42  has  a  15  Vac  input  signal.  Determine  the  values  of 
VCu  Tc2,  Vcs,  and  Vc4  for  the  circuit.  Assume  that  the  diodes  are  ideal  components. 
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FIGURE  4.42 
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30.  The  circuit  shown  in  Figure  4.43  has  an  18  Vpk  input  signal.  Determine  the  values 
of  Vcu  VC2,  VC3,  VC4,  and  Vc5  for  the  circuit.  Assume  that  the  diodes  are  ideal 
components. 


31.  The  circuit  shown  in  Figure  4.43  has  a  36  Vac  input  signal.  Determine  the  values  of  VCi, 
Vci,  Vd,  VC4,  and  VC5  for  the  circuit.  Assume  that  the  diodes  are  ideal  components. 

32.  Determine  the  dc  output  voltage  values  for  the  dual-polarity  power  supply  in  Figure 
4.44.  Assume  that  the  diodes  are  ideal  components. 


33.  Assume  that  the  transformer  in  Figure  4.44  is  a  36  Vac  transformer  and  that  the 
diodes  in  the  circuit  are  ideal  components.  Determine  the  dc  output  voltage  values 
for  the  circuit. 


34.  The  circuit  shown  in  Figure  4.45a  has  the  input/output  waveforms  illustrated.  Deter¬ 
mine  whether  there  is  a  problem  in  the  circuit.  If  there  is,  discuss  the  possible 
cause(s)  of  the  problem. 
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(a) 


FIGURE  4.45 


100  n 


(b) 


35.  The  circuit  shown  in  Figure  4.45b  has  the  input/output  values  shown.  Determine 
whether  there  is  a  problem  in  the  circuit.  If  there  is,  discuss  the  possible  cause(s)  of 
the  problem. 

36.  The  circuit  shown  in  Figure  4.46a  has  the  input/output  waveforms  illustrated.  Deter¬ 
mine  whether  there  is  a  problem  in  the  circuit.  If  there  is,  discuss  the  possible 
cause(s)  of  the  problem. 


FIGURE  4.46 

37.  The  circuit  shown  in  Figure  4.46b  has  the  input/output  waveforms  illustrated.  Deter¬ 
mine  whether  there  is  a  problem  in  the  circuit.  If  there  is,  discuss  the  possible 
cause(s)  of  the  problem. 

38.  The  circuit  shown  in  Figure  4.47a  has  the  input/output  waveforms  illustrated.  Deter¬ 
mine  whether  there  is  a  problem  in  the  circuit.  If  there  is.  discuss  the  possible 
cause(s)  of  the  problem. 
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(a) 


+20  V, 


pk" 


-20  V, 


pk " 


Cl 

3.3  gF 


FIGURE  4.47 


+20  V, 


Pk 


-10.7  Vpk 


39.  The  circuit  shown  in  Figure  4.47b  has  the  input/output  waveforms  illustrated.  Deter¬ 
mine  whether  there  is  a  problem  in  the  circuit.  If  there  is,  discuss  the  possible 
cause(s)  of  the  problem. 

40.  The  circuit  shown  in  Figure  4.48  has  the  capacitor  voltages  illustrated.  Determine 
whether  there  is  a  problem  in  the  circuit.  If  there  is,  list  the  steps  you  would  take  to 
find  the  faulty  component. 


41.  The  circuit  shown  in  Figure  4.49  has  the  capacitor  voltages  illustrated.  Determine 
whether  there  is  a  problem  in  the  circuit.  If  there  is,  list  the  steps  you  would  take  to 
find  the  faulty  component. 
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PUSHING  THE  ENVELOPE 


42.  Explain  the  output  waveform  shown  in  Figure  4.50.  (Note:  There  are  no  faulty  com¬ 
ponents  in  the  circuit.) 

43.  Figure  4.51  shows  a  half-wave  voltage  doubler  with  the  diodes  and  capacitors 
reversed.  Analyze  the  circuit,  and  show  that  it  provides  a  negative  do  output  that  is 
approximately  twice  the  peak  input  voltage. 


FIGURE  4.50  FIGURE  4.51 

44.  Schematics  can  be  drawn  in  many  different  ways.  For  example,  the  circuit  shown  in 
Figure  4.52  is  actually  a  voltage  quadrupler.  However,  one  of  the  components  has 
accidentally  been  reversed.  Which  one  is  it?  Explain  your  answer. 

45.  The  circuit  shown  in  Figure  4.53  is  a  zener  clipper.  Using  your  knowledge  of  diode 
operation,  determine  the  shape  of  the  circuit  output  waveform  and  its  peak  values. 


D,  Dz 


FIGURE  4.52  FIGURE  4.53 

46.  Repeat  Problem  45  for  the  dual-zener  clipper  shown  in  Figure  4.54. 

47.  If  we  reverse  the  zener  diodes  in  Figure  4.54,  we  get  the  circuit  shown  in  Figure 
4.55.  Explain  what  difference  (if  any)  results  from  the  change. 


FIGURE  4.54  FIGURE  4.55 
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48.  Write  a  program  that  will  determine  the  peak  output  voltages  for  a  biased  shunt  clip¬ 
per.  The  program  should  allow  the  user  to  input  the  value  of  Vs(pk)  and  the  value  of 
the  diode  biasing  voltage.  It  should  also  be  able  to  solve  both  negative  and  positive 
clippers. 

49.  Modify  the  program  in  Problem  48  to  accept  the  value  of  Vs  in  peak,  peak-to-peak, 
or  rms  form. 

50.  Write  a  program  that  will  determine  the  peak  output  voltages  and  dc  output  voltage 
for  either  a  positive  or  negative  unbiased  clamper.  The  program  should  provide  for 
Vs  inputs  in  any  standard  voltage  form  (peak,  rms,  and  so  on). 


4.1  12.54  Vpk 

4.2  VL  =  —0.7  V,  VRS  =  — 14.3  Vpk 

4.3  Positive  alternation:  VL  =  0.7  V,  VRS  -  1 1.3  Vpk;  negative  alternation:  VL  =  - 1 1  Vpk 
4.5  Tc  =  188  |xs,  Td  =  28.2  ms 


SUGGESTED  COMPUTER 

APPLICATIONS 

PROBLEMS 


ANSWERS  TO  THE 
EXAMPLE  PRACTICE 
PROBLEMS 
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apter  5 


Special  Applications 
Diodes 

Objectives 

After  studying  the  material  in  this  chapter,  you  should  be  able  to: 

1.  State  the  purpose  served  by  a  varactor. 

2.  Describe  the  relationship  between  varactor  bias  and  junction  capacitance. 

3.  Describe  the  method  by  which  a  varactor  can  be  used  as  the  tuning  component  in  a 
parallel  (or  series)  LC  circuit. 

4.  Describe  a  surge  and  the  danger  it  presents  to  an  electronic  system. 

5.  List  the  required  characteristics  of  every  surge-protection  circuit. 

6.  Describe  the  differences  between  constant-current  diodes  and  pn-junction  diodes. 

7.  Describe  the  operation  of  the  tunnel  diode. 

8.  Describe  the  construction  and  operation  of  the  Schottky  diode. 

9.  Describe  the  construction  and  operation  of  the  PIN  diode. 

10.  Compare  and  contrast  the  forward  operation  of  the  PIN  and  /w-j unction  diodes. 

Outline 

5 . 1  Varactor  Diodes 

5.2  Transient  Suppressors  and  Constant-Current  Diodes 

5.3  Tunnel  Diodes 

5.4  Other  Diodes 
Chapter  Summary 
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In  the  first  four  chapters,  we  discussed  the  operation,  common  circuit  applications,  and 
troubleshooting  of  pn-junction  diodes,  zener  diodes,  and  LEDs.  In  this  chapter,  we  take 
a  relatively  brief  look  at  several  other  types  of  diodes.  The  diodes  covered  in  this  chap¬ 
ter  are  called  special  applications  diodes  because  they  are  used  to  perform  functions 
other  than  those  performed  by  the  pn-junction  diode,  zener  diode,  and  LED.  The  diodes 
covered  in  this  chapter  are  rarely  used  for  any  purposes  other  than  those  presented  here. 

The  diodes  we  will  be  discussing  have  very  little  in  common  with  each  other.  For  this 
reason,  each  section  in  this  chapter  reads  as  a  stand-alone  section.  This  means  that  you  do 
not  have  to  cover  the  sections  in  this  chapter  in  any  particular  order.  You  can  choose  those 
sections  you  wish  to  cover  in  any  order. 


Varactor  Diodes 


OBJECTIVE  1  ► 

Varactor 

A  diode  that  has  relatively  high 
junction  capacitance  when 
reverse  biased.  _ 

OBJECTIVE  2  ► 

K  K 

° 

^  ! 

o 

A  A 

FIGURE  5.1  Varactor 
schematic  symbols. 


The  varactor  is  a  type  of  /wz-junction  diode  that  has  relatively  high  junction  capacitance 
when  reverse  biased.  The  capacitance  of  the  junction  is  controlled  by  the  amount  of 
reverse  voltage  applied  to  the  device.  This  makes  the  component  very  useful  as  a  voltage- 
controlled  capacitor.  Note  that  the  varactor  is  also  referred  to  as  a  varicap,  tuning 
diode,  or  epicap.  Two  commonly  used  schematic  symbols  for  the  varactor  are  shown  in 
Figure  5.1. 

The  ability  of  a  varactor  to  act  as  a  voltage-controlled  capacitor  is  easy  to  understand 
when  you  consider  the  reverse  bias  characteristics  of  the  device.  When  a  /zn-j  unction  is 
reverse  biased,  the  depletion  layer  acts  as  an  insulator  between  the  p-type  and  n-type 
materials,  as  shown  in  Figure  5.2a.  As  you  know,  a  capacitor  is  made  up  of  an  insulator 
(called  the  dielectric)  that  separates  two  conductors  (called  the  plates).  If  we  view  the  p- 
type  and  n-type  materials  in  the  varactor  as  the  plates  and  the  depletion  layer  as  the 
dielectric,  it  is  easy  to  view  the  reverse-biased  component  as  a  capacitor. 


Depletion 

region 


n  material  p  material 

- - 


Depletion 

region 


n  material  p  material 

- # - 


(a)  pn  Junction  with  small  reverse  bias 
voltage  applied 


(b)  pn  Junction  with  increased  reverse  bias 
voltage  applied 


FIGURE  5.2 


The  capacitance  of  a  reverse-biased  varactor  junction  is  found  as 


(5.1) 


where  C,  =  the  total  junction  capacitance 

e  =  the  permittivity  of  the  semiconductor  material 
A  =  the  cross-sectional  area  of  the  junction 
Wd  =  the  width  of  the  depletion  layer 

Equation  (5.1)  is  not  used  in  any  practical  applications  because  a  lot  of  intricate  mathe¬ 
matical  analyses  are  required  to  determine  the  values  needed  to  solve  the  equation.  How¬ 
ever,  it  is  introduced  here  because  it  does  illustrate  one  important  concept:  The  value  of 
C,  is  inversely  proportional  to  the  width  of  the  depletion  layer.  Since  the  width  of  the 
depletion  layer  increases  when  the  amount  of  reverse  bias  increases,  as  shown  in  Figure 
5.2b,  we  can  say  that  the  junction  capacitance  of  the  varactor  increases  as  diode  reverse 
bias  decreases,  and  vice  versa.  This  relationship  between  VK  and  C,  is  further  illustrated 
in  Figure  5.3.  As  the  graph  shows,  you  increase  or  decrease  the  junction  capacitance  by 
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C,(pF) 


simply  changing  the  amount  of  reverse  bias  applied  to  the  device.  This  makes  the  varactor 
ideal  for  use  in  circuits  that  require  voltage-controlled  tuning.  One  such  application  is 
introduced  later  in  this  section  and  again  in  Chapter  17. 

5.1.1  Varactor  Specifications 

The  spec  sheet  for  a  given  varactor  provides  the  information  you  need  for  any  circuit 
analysis.  Figure  5.4  shows  the  spec  sheet  and  operating  curves  for  the  Motorola  MV209 
series  varactors.  We  will  use  this  spec  sheet  for  our  discussion  on  the  commonly  used  var¬ 
actor  parameters  and  characteristics. 

The  maximum  ratings  for  the  varactor  are  the  same  as  those  used  for  the  pn-junction 
diode  and  the  zener  diode.  The  same  holds  true  for  the  reverse  breakdown  voltage  and 
reverse  leakage  current  ratings  that  appear  in  the  electrical  characteristics  section  of  the 
spec  sheet.  Since  you  are  already  familiar  with  these  ratings,  we  will  not  discuss  them 
here.  If  you  need  to  review  any  of  them,  refer  back  to  the  appropriate  discussions  in 
Chapter  2. 

The  diode  capacitance  temperature  coefficient  ( TCc )  rating  tells  you  how  much  the 
component’s  capacitance  changes  for  each  1°C  rise  in  temperature  above  25°C.  The  TCc 
rating  for  the  MV209  series  varactors  is  300  ppm/°C.  This  means  that  the  varactor  capac¬ 
itance  increases  by  300  parts  per  million  for  each  1°C  rise  in  temperature  above  25°C. 

What  is  meant  by  parts  per  million ?  It  means  that  the  capacitance  increases  by 
300  millionths  (0.0003)  of  its  rated  value.  If  a  capacitor’s  rated  value  is  1  pF,  the  change 
is  found  as 

AC  =  (0.0003X1  pF)  =  0.0003  pF 

Since  the  nominal  capacitance  listed  on  the  MV209  spec  sheet  is  29  pF,  its  increase  in 
capacitance  per  1°C  rise  in  temperature  is  found  as 

AC  =  (0.0003)(29  pF)  =  0.0087  pF 

Thus,  the  MV209  varactor  must  experience  a  temperature  increase  of  nearly  115°C  to  Temperature  has  little  effect  on 

produce  an  increase  in  capacitance  of  1  pF.  A  graph  that  shows  the  relationship  between  the  capacitance 

the  ambient  temperature  and  the  actual  capacitance  of  the  varactor  is  also  shown  in  Figure  jjjbetMS.  :  ....  ........  ..... 

5.4.  This  graph  plots  the  normalized  capacitance  versus  temperature.  As  you  may  know,  a 
normalized  value  is  one  that  has  been  set  to  1  (one).  When  a  value  is  normalized,  the 
result  indicates  the  factor  by  which  the  value  changes.  For  example,  the  capacitance  ver¬ 
sus  temperature  graph  in  Figure  5.4  shows  approximate  normalized  values  of 

C  =  0.978  at  T  -  -50°C  to  C  =  1.016  at  T  =  100°C 
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Diode  capacitance 
temperature  coefficient  (TCc) 
The  amount  by  which  varactor 
capacitance  changes  when 
temperature  changes. 


How  do  you  determine  the  AC 


ON  Semiconductor™ 


Silicon  Epicap  Diodes 

Designed  for  general  frequency  control  and  tuning  applications; 
providing  solid-state  reliability  in  replacement  of  mechanical  tuning 
methods. 

•  High  Q  with  Guaranteed  Minimum  Values  at  VHF  Frequencies 

•  Controlled  and  Uniform  Tuning  Ratio 

•  Available  in  Surface  Mount  Package 


MAXIMUM  RATINGS 


DEVICE  MARKING 

I  MBV109T1  =  J4A,  MMBV109LT1  =  M4A,  MV209  =  MV209 


ELECTRICAL  CHARACTERISTICS  Ha  =  25"C  unless  otherwise  noted.) 


MMBV109LT1  is  also  available  in  bulk  packaging.  Use  MMBV109L  as  the  device  title  to  order  this  device  in  bulk. 

(a) 

FIGURE  5.4  Spec  sheet  and  operating  curves  for  the  MV209  series  varactors.  (Copyright 
of  Semiconductor  Component  Industries,  LLC.  Used  by  permission.) 


Characteristic 

ESI 

ESI 

Max 

Unit 

Reverse  Breakdown  Voltage  (Ir  =  1 0 
pAdc) 

30 

■ 

■ 

Vdc 

Reverse  Voltage  Leakage  Current  (VR  = 

25  Vdc) 

•r 

— 

— 

0.1 

pAdc 

Diode  Capacitance  Temperature 

Coefficient 

(Vr  =  3.0  Vdc,  f=  1.0  MHz) 

TC0 

300 

ppm/' 

C 

| 

C..  Diode  Capacitance 

Vr  «  3.0  Vdc,  f a  1.0  MHz 

PF 

VVdc° 
f  =  50  MHz 

Cr,  Capj 
Ral 
Cj/( 
f  - 1.0  M 

■  1, 

idtance 

do 

'25 

Hz  (Note 

! 

Device 

Min 

Nom 

Max 

Min 

Min 

Max 

MBV109T1, 

MMBV109LT1, 

MV209 

26 

29 

32 

200 

5.0 

6.5 

1 .  CR  is  the  ratio  of  Ct  measured  at  3  Vdc  divided  by  C,  measured  at  25  Vdc. 


Rating 

Symbol 

MMBV109LT1 

MV209 

KSS 

Reverse  Voltage 

Vr 

30 

Vdc 

Forward  Current 

If 

200 

mAdc 

Forward  Power  Dissipation 

Pd 

@  TA  =  25'C 

280 

200 

200 

mW 

Derate  above  25°C 

2.8 

2.0 

1.6 

mW/°C 

Junction  Temperature 

Tj 

+  125 

“C 

Storage  Temperature  Range 

K9E 

—55  to  +150 

“C 

MBV109T1 

MMBV109LT1* 

MV209* 

*  ON  Semiconductor  Preferred  Devices 


26-32  pF 

VOLTAGE  VARIABLE 
CAPACITANCE  DIODES 


SC-70/SOT-323 


3  o - M - °  1 

Cathode  Anode 

SOT-23 

2  o - M - o  i 

Cathode  Anode 

TO-92 


If  we  assume  that  the  varactor  has  an  actual  capacitance  of  29  pF,  the  range  of  values  for 
C,  is  found  as 


C,  =  (0,978)(29  pF)  =  28.36  pF  (at  T  =  -50°C) 


to 

C,  =  (1.016X29  pF)  =  29.46  pF  (at  T  =  100°C) 

Thus,  a  150°C  increase  in  temperature  causes  a  1.1  pF  (3.79%)  increase  in  capacitance. 
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10  100  1000 
f,  FREQUENCY  (MHz) 

Figure  2.  FIGURE  OF  MERIT 


-60  -40  -20  0  +20  +40  +60  +80  +100  +120  +140  '  -75  -50  -25  0  +25  +50  +75  +100  +12S 

Ta,  AMBIENT  TEMPERATURE  Ta,  AMBIENT  TEMPERATURE 


Figure  3.  LEAKAGE  CURRENT 

FIGURE  5.4  (continued) 


(b) 


Figure  4.  DIODE  CAPACITANCE 


The  diode  capacitance  ( C, )  rating  is  self-explanatory.  For  the  MV209  series  varactors, 
the  C,  rating  is  26  to  32  pF  when  VR  is  3  Vdc.  Note  that  the  nominal  value  (29  pF)  is  the 
rated  value  of  the  component.  In  other  words,  the  MV209  would  be  rated  as  a  29  pF  var¬ 
actor  diode  even  though  the  actual  value  could  fall  anywhere  within  the  specified  range  at 
V«  =  3Vdc. 

The  capacitance  ratio  (CR)  rating  tells  you  how  much  the  junction  capacitance  varies 
over  the  given  range  of  voltages.  For  the  MV209  series,  the  CR  rating  ranges  from  5.0  to 
6.5  for  VR  =  3  to  25  Vdc.  This  means  that  the  capacitance  at  VR  =  3  Vdc  will  be  5.0  to  6.5 
times  as  high  as  it  is  at  VR  =  25  Vdc. 

The  higher  the  value  of  CR,  the  wider  the  range  of  capacitance  values  for  a  given  var¬ 
actor.  For  example,  let’s  say  that  we  have  two  varactors,  each  having  a  C,  rating  of  51  pF 
when  VK  =  5  Vdc.  Let’s  also  assume  that  £>,  has  a  rating  of  CR  =  1.5  for  VR  =  5  to  1 0  Vdc 
and  D2  has  a  rating  of  CK  =  4  for  VR  =  5  to  10  Vdc.  To  find  the  capacitance  of  each  diode 
at  VR  =  10  Vdc,  we  would  divide  the  value  of  C,  by  the  value  of  CR  as  follows: 


Diode  capacitance  (C,) 

The  rated  value  (or  range)  of  C 
for  a  varactor  at  a  specific  value 
oiVR. 


Capacitance  ratio  (CR j 

The  factor  by  which  C  changes 
from  one  specified  value  of  VR 
to  another. 


and 


„  51 PF 

CD1  -  —  -  34  pF  (at  VR 


10Vdc) 


„  51  pF 

CD2  =  =  12.75  pF 


(at  VR  =  10  Vdc) 


Thus,  Dx  would  have  a  range  of  capacitance  from  34  to  5 1  pF,  and  D2  would  have  a  range 
from  12.75  to  51  pF. 

The  CR  rating  of  a  varactor  diode  is  important  when  designing  circuits.  A  varactor  with 
a  high  CR  rating  could  be  used  in  a  coarse-tuning  circuit,  while  a  varactor  with  a  low  CR 


Why  is  the  varactor  CR  rating  j 

— •••  - . ■■■—  ■ 
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An  Important  Point: 

You  can  use  CR  to  find  the 
range  of  C,  values.  However, 
you  must  use  the  capacitance 

versus  rgver.se  voltage  graph  to 
find, the  value  of  C  at  various 

values  of  VR. _ 


rating  could  be  used  in  a  fine-tuning  circuit.  Tuning  will  be  discussed  further  when  we 
take  a  look  at  varactor  applications  later  in  this  section. 

While  the  CR  rating  of  a  varactor  can  be  used  to  determine  its  capacitance  range,  it  is 
not  used  to  determine  the  specific  diode  capacitance  at  a  specific  value  of  VR.  For  example, 
we  would  not  use  the  CR  rating  of  the  MV209  to  determine  its  capacitance  at  VR  =  6Vdc. 
Instead,  you  need  to  use  the  capacitance  versus  reverse  voltage  curve  that  is  shown  in 
Figure  5.4.  Using  this  curve,  we  could  determine  the  value  of  capacitance  at  =  6  Vdc 
to  be  approximately  23  pF. 

Th e  figure  of  merit  rating  is  the  Q  of  the  junction  capacitance.  You  may  recall  that  the 
Q  of  a  capacitor  is  the  ratio  of  energy  stored  in  the  capacitor  to  the  energy  lost  through 
leakage  current.  In  other  words,  it  is  a  measure  of  how  close  the  component  comes  to 
having  the  power  characteristics  of  an  ideal  capacitor.  An  ideal  capacitor  would  be  100% 
energy  efficient;  that  is,  all  the  energy  stored  by  the  component  would  be  returned  to  the 
circuit  when  the  capacitor  discharges.  Therefore,  the  ideal  capacitor  would  have  infinite  Q. 

The  higher  the  Q  of  a  capacitor,  the  better  the  quality  of  the  component.  The  MV209  is 
rated  at  Q  =  200  (minimum).  This  means  that  the  energy  returned  to  the  circuit  by  the 
capacitor  (when  it  discharges)  is  at  least  200  times  the  energy  lost  through  leakage  current. 


5.1.2  Varactor  Applications 

OBJECTIVE  3  ►  Varactors  are  used  almost  exclusively  in  tuned  circuits,  which  are  discussed  in  detail  in 
Chapter  17.  A  tuned  LC  circuit  that  contains  a  varactor  is  shown  in  Figure  5.5.  Note  that 
the  capacitance  of  the  varactor  is  in  parallel  with  the  inductor.  Thus,  the  varactor  and  the 
inductor  form  a  parallel  LC  circuit,  or  LC  tank  circuit. 


+vs 


FIGURE  5.5  LC  tank  circuit. 


How  is  a  varactor  biased  for 


Before  we  analyze  the  operation  of  the  varactor  in  the  circuit,  a  few  points  should  be 
made.  First,  note  the  direction  of  the  varactor.  Since  the  varactor  is  pointing  toward  the 
positive  source  voltage,  we  know  that  it  is  reverse  biased.  Therefore,  it  is  acting  as  a  volt¬ 
age-variable  capacitance.  For  normal  operation,  a  varactor  diode  is  operated  in  its 
reverse  operating  region.  (A  forward-biased  varactor  diode  would  serve  no  special  pur¬ 
pose  because  it  has  the  same  forward  characteristics  as  a  standard  /m-junction  diode.) 
Second,  Rx  and  R2  form  a  voltage  divider  that  determines  the  amount  of  reverse  bias 
across  D}  and,  therefore,  its  capacitance.  By  adjusting  the  setting  of  R2,  we  can  vary  the 
diode  capacitance.  This,  in  turn,  varies  the  resonant  frequency  of  the  LC  circuit. 

The  resonant  frequency  of  the  LC  tank  circuit  is  found  using 


fr  = 


2tt  VLC 


(5.2) 


178 


Chapter  5 


Special  Applications  Diodes 


If  the  amount  of  varactor  reverse  bias  is  decreased,  the  value  of  C  for  the  component 
increases.  The  increase  in  C  will  cause  the  resonant  frequency  of  the  circuit  to  decrease. 
Thus,  a  decrease  in  reverse  bias  causes  a  decrease  in  resonant  frequency.  By  the  same 
token,  an  increase  in  varactor  reverse  bias  causes  an  increase  in  the  value  of fr.  This  point 
is  illustrated  in  Example  5.1. 


EXAMPLE  5.1 _ 

The  LC  tank  circuit  shown  in  Figure  5.5  has  a  1  mH  inductor.  The  varactor  has 
the  following  specifications:  C,  =  100  pF  when  VR  =  5  V,  and  CR  =  2.5  for  VR  — 
5  to  10  V.  Determine  the  resonant  frequency  for  the  circuit  at  VR  =  5  V  and  VR  = 
10  V. 

Solution:  When  the  varactor  reverse  bias  is  5  V,  the  value  of  C  is  100  pF.  For  this 
condition,  the  value  of  fr  is  found  as 

fr  = - K=r  = - 7^-1  =  503.29  kHz 

2WLC  2ttV(1  mH)(100pF) 

The  value  of  C  at  VR  =  10  V  is  found  by  dividing  the  C,  rating  by  the  value  of  CR  as 
follows: 


100  pF 
2.5 


=  40  pF 


Now,  the  value  of/r  at  VR  =  10  V  is  found  as 

fr  =  .  =  - ;=J.  =  795.77  kHz 

2'irVLC  2ir  V(  1  mH)(40  pF) 

Thus,  when  the  varactor  reverse  bias  increases  from  5  to  10  V,  the  value  of/r 
increases  from  503.29  to  795.77  kHz. 


Practice  Problem  5.1 

A  circuit  like  the  one  shown  in  Figure  5.5  has  a  3.3  mH  inductor  and  a  varactor 
with  the  following  specifications:  C,  =  5 1  pF  at  VR  =  AV  and  CR  =  1.8  for  VR  = 
4  to  10  V.  Determine  the  value  of/r  for  VR  =  4  V  and  VR=  10  V. 


You  were  told  in  our  discussion  on  varactor  parameters  that  high-Q  varactors  are  used 
in  coarse-tuning  circuits,  while  low-C^  varactors  are  used  in  fine-tuning  circuits.  This 
point  can  be  illustrated  with  the  aid  of  Example  5.2. 


EXAMPLE  5.2 


The  diode  in  Figure  5.5  is  replaced  with  one  that  has  ratings  of  C,  =  100  pF  when 
VR  =  5  V  and  CK  =  1.02  for  VR  =  5  to  1 0  V.  Determine  the  frequency  range  of  the 
circuit  for  VR  =  5  to  10  V. 

Solution:  In  Example  5.1  we  determined  the  value  of/r  at  VR  =  5  V  to  be 
503.29  kHz.  This  value  has  not  changed.  For  the  new  circuit,  the  value  of  C  at 
VR  =  10  V  is  found  as 


C 


100  pF 
1.02 


98  p 
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The  value  of  f,,  at  VR  =  10  V  is  now  found  as 


f  = - X-=  = - .  1  _  =  508,40  kHz 

2tt VLC  2-VO  mH)(98  pF) 

Practice  Problem  5.2 

The  varactor  diode  in  Practice  Problem  5.1  has  been  replaced  with  a  diode  that  has 
ratings  of  C,  =  51  pF  when  V*  =  4  V  and  CR  =  1.07  for  VR  =  4  to  10  V.  Determine 
the  frequency  range  of  the  circuit  for  VR  =  4  to  10  V. 


Table  5.1  summarizes  the  values  found  in  Examples  5.1  and  5.2.  As  you  can  see,  the 
range  of  frequencies  for  the  circuit  in  Example  5.2  is  much  smaller  than  that  for  the  cir¬ 
cuit  in  Example  5.1. 


TABLE  5.1  Results  from  Examples  5.1  and  5.2 


Example 

fratVR  =  5\ 

fr  at  VR  =  10V 

A fr 

5.1 

503.29  kHz 

795.77  kHz 

292.48  kHz 

5.2 

503.29  kHz 

508.4  kHz 

5.11  kHz 

I  What  is  the  difference  between 


The  circuit  in  Example  5.1  would  be  a  coarse -tuning  circuit;  that  is,  it  would  be  used 
to  vary  the  value  of  fi  over  a  wide  range  of  values.  The  circuit  in  Example  5.2,  on  the 
other  hand,  would  be  a.  fine-tuning  circuit.  It  would  be  used  to  select  a  frequency  within 
a  smaller  range. 


Section  Review  ► 


Critical  Thinking  ► 


1.  A  varactor  acts  as  what  type  of  capacitance? 

2.  What  is  the  relationship  between  the  amount  of  reverse  bias  applied  to  a  varactor  and 
its  capacitance? 

3.  What  is  the  diode  capacitance  temperature  coefficient  rating?  What  is  its  unit  of 
measure? 

4.  What  is  the  relationship  between  varactor  capacitance  and  temperature? 

5.  What  is  the  capacitance  ratio  of  a  varactor? 

6.  Why  is  the  CR  rating  of  a  varactor  important? 

7.  What  is  the  Q  of  a  capacitor? 

8.  Explain  the  operation  of  the  circuit  shown  in  Figure  5.5. 

9.  What  is  the  relationship  between  varactor  reverse  bias  and  the  resonant  frequency  of 
its  tuned  circuit? 

10.  What  is  the  difference  between  coarse  tuning  and  fine  tuning ? 

11.  What  is  the  relationship  between  the  CR  rating  of  a  varactor  and  the  type  of  tuning 
provided? 

12.  What  type  of  voltage  (fixed  or  varying)  do  you  think  you’d  most  often  find  applied  to 
a  varactor,  and  why? 


5.2  Transient  Suppressors  and  Constant-Current  Diodes 

Transient  suppressor 

A  zener  diode  with  extremely 
high  surge-handling 
capabilities. 

In  this  section,  we  will  discuss  two  diodes  that  are  very  similar  in  operation  to  the  stan¬ 
dard  zener  diode.  The  first  is  the  transient  suppressor.  Transient  suppressors  are  zener 
diodes  that  have  extremely  high  surge-handling  capabilities.  These  diodes  are  used  to 
protect  voltage-sensitive  circuits  from  surges  that  can  occur  under  a  variety  ot  circum- 

180 


Chapter  5  Special  Applications  Diodes 


stances.  The  second  is  the  constant-current  diode.  The  constant-current  diode  is  an 
extremely  high-impedance  diode  that  maintains  a  relatively  constant  device  current  over  a 
wide  range  of  forward  operating  voltages.  Thus,  the  constant-current  diode  can  be  viewed 
as  a  “current  version”  of  the  zener  diode.  Note  that  the  constant-current  diode  is  not  actu¬ 
ally  a  zener  diode,  despite  the  similarities  between  the  two.  Rather,  it  is  a  variation  on  the 
pn-] unction  diode. 


Constant-current  diode 

A  diode  that  maintains  a 
relatively  constant  device 
current  over  a  wide  range  ( 
forward  operating  voltage? 


5.2.1  Transient  Suppressors 

In  Chapter  4,  you  were  introduced  to  the  idea  of  using  a  shunt  clipper  to  protect  a  circuit 
from  a  surge  (or  transient).  The  surge-protection  circuits  shown  in  Figure  5.6  use  tran¬ 
sient  suppressors,  configured  as  shunt  clippers,  to  protect  the  input  of  a  power  supply 
from  any  ac  line  surges.  Each  circuit  has  a  pair  of  transient  suppressors  wired  in  a  common- 
cathode  configuration  between  each  pair  of  lines. 


Surge-protection  circuit 

(a)  Surge  protection  between  the  hot  and  neutral  lines 


Surge-protection  circuit 

(b)  Full  surge  protection  between  all  input  lines 


FIGURE  5.6 


The  surge  protectors  in  Figure 
5.6  use  common-cathode 
transient  suppressors  to 
eliminate  the  problem  of  surge 
polarity.  For  example,  a 


You  may  recall  that  a  transient  (or  surge)  is  an  abrupt,  high-voltage  (or  current)  condi-  A  OBJECTIVE  4 
tion  that  lasts  for  a  very  brief  time,  usually  in  the  microsecond  or  millisecond  range.  Left 
unchecked,  a  surge  in  the  ac  power  lines  can  cause  serious  damage  to  the  power  supply  of 
any  electronic  system  (such  as  a  television  or  personal  computer).  Transients  and  surges 
are  caused  by  various  conditions.  Most  often,  they  are  generated  by  electric  motors,  air- 
conditioning  and  heating  units,  arcing  switches,  and  lightning.  The  circuits  shown  in 
Figure  5.6  protect  the  power  supply  from  such  surges  by  shorting  out  any  voltages  greater 
than  the  Vz  ratings  of  the  diodes. 

Transient  suppressors  have  many  other  uses  besides  conditioning  the  ac  voltage  that 
goes  into  a  power  supply.  They  are  used  in  many  telecommunication,  automotive,  and 
consumer  devices.  Because  of  the  wide  range  of  applications,  transient  suppressors  are 
available  in  a  wide  range  of  voltages. 

For  a  surge-protection  circuit  to  operate  properly,  it  must  have  several  characteristics:  ◄  OBJECTIVE  5 

1.  The  diodes  used  must  have  extremely  high  power  dissipation  ratings.  This  is 
because  most  ac  power  line  surges  contain  a  relatively  high  amount  of  power,  gen¬ 
erally  in  the  hundreds  of  watts  or  higher. 

2.  The  diodes  must  be  able  to  turn  on  very  rapidly.  If  the  diodes  in  the  surge-protection 
circuit  are  too  slow,  the  power  supply  could  be  damaged  before  they  have  a  chance 
to  turn  on. 
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How  do  transient  suppressors 
differ  front  standard  zgner 
diodes?  ,,  .  ..... ,  .... 


Peak  power  dissipation  rating 
(^pk) 

Indicates  the  amount  of  surge 
power  that  the  suppressor  can 
dissipate. 


Working  peak  reverse  voltage 
(Vkwm) 

The  maximum  peak  or  dc 
reverse  voltage  that  will  not 
drive  a  transient  suppressor  into 
its  reverse  breakdown  (zener) 
region  of  operation. 


These  requirements  for  the  surge-protection  circuit  are  easily  fulfilled  by  using  transient 
suppressors. 

Transient  suppressors  have  the  same  general  operating  characteristics  as  standard 
zener  diodes.  In  fact,  the  schematic  symbol  for  the  transient  suppressor  is  identical  to  that 
of  a  standard  zener  diode.  The  main  difference  between  the  transient  suppressor  and  the 
standard  zener  diode  is  the  suppressor’s  surge-handling  capability.  The  transient  suppres¬ 
sor  is  designed  to  dissipate  extremely  high  amounts  of  power  for  a  very  limited  time.  For 
example,  the  1N5908  transient  suppressor  can  dissipate  up  to  1.5  kW  for  a  period  of 
slightly  less  than  10  ms.  This  amount  of  power,  even  for  a  short  period  of  time,  would 
destroy  any  standard  zener  diode. 

You  might  think  that  the  time  limit  on  the  power  rating  of  a  transient  suppressor  could 
be  a  problem,  but  it  isn’t.  Remember,  surges  generally  last  only  a  few  milliseconds.  Thus, 
transient  suppressors  can  generally  handle  any  surges  that  occur. 

5.2.2  Transient  Suppressor  Specifications 

Figure  5.7  shows  a  portion  of  the  1N5908  spec  sheet.  We  will  use  the  values  shown  in  our 
discussion  on  transient  suppressor  maximum  ratings  and  electrical  characteristics. 

The  maximum  ratings  are  fairly  standard,  with  the  exception  of  the  peak  power  dissi¬ 
pation  rating  (PPK).  This  rating  indicates  the  surge-handling  capability  of  the  compo¬ 
nent.  As  note  1  below  the  table  in  Figure  5.7a  indicates,  this  rating  applies  to  a  nonrepeti- 
tive  current  surge  and  must  be  derated  at  lead  temperatures  greater  than  25°C. 

The  PPK  rating  of  a  transient  suppressor  is  both  temperature  and  time  dependent,  as 
illustrated  by  the  graphs  in  Figure  5.8.  The  power  derating  curve  (labeled  Figure  2)  is  a 
standard  power  derating  curve,  indicating  the  decrease  in  PPK  that  occurs  (as  a  percent¬ 
age)  as  temperature  increases.  The  use  of  this  curve  is  demonstrated  in  Example  5.3. 

EXAMPLE  5.3 _ _ _ 

A  1N5908  surge  suppressor  has  a  PPK  of  1500  W  at  25°C.  It  is  being  used  in  a  cir¬ 
cuit  that  has  an  ambient  temperature  of  100°C.  What  is  the  value  of  P PK  at  this 
temperature? 

Solution:  The  point  where  the  curve  intersects  the  T  =  1 00°C  line  corresponds  to 
a  derating  percentage  of  50%.  Thus,  PPK  will  be  50%  of  its  maximum  value  at  this 
temperature,  or  750  W. 

Practice  Problem  5.3 

What  is  the  PPK  rating  of  the  1N5908  at  T  =  150°C? 


You  may  be  wondering  why  we  bothered  with  the  temperature  curve  when  the  spec 
sheet  for  the  1N5908  series  suppressors  lists  a  derating  value.  The  derating  value  listed  in 
the  maximum  ratings  table  applies  to  the  PD  rating  of  the  components,  not  their  P PK  rat¬ 
ing.  To  derate  the  PPK  rating,  you  must  use  the  power  versus  temperature  curve. 

The  time  dependency  of  the  PPK  rating  is  illustrated  in  Figure  5.8.  As  you  can  see,  P PK 
and  surge  duration  (pulse  width)  vary  in  opposite  directions.  As  the  duration  of  the  surge 
increases,  the  power-dissipating  capability  of  the  suppressors  decreases,  and  vice  versa. 

Another  maximum  rating  listed  in  Figure  5.7  is  forward  surge  current.  As  shown,  the 
1N5908  can  handle  a  forward  surge  current  of  200  A.  As  note  2  below  the  table  in  part  (a)  indi¬ 
cates,  this  rating  assumes  a  maximum  duration  of  8.3  ms  and  a  limit  of  four  pulses  per  minute. 

Many  of  the  electrical  characteristics  listed  in  Figure  5.7  are  identified  on  the  diode 
curve  in  part  (b).  As  shown  on  the  curve,  there  are  three  reverse  voltage  ratings  of  interest: 

■  The  working  peak  reverse  voltage  ( VRWm )  is  the  maximum  peak  or  dc  reverse 
voltage  that  will  not  drive  the  component  into  its  reverse  breakdown  (zener)  region 
of  operation.  In  other  words,  this  is  the  highest  reverse  voltage  that  will  not  trigger 
the  device  into  conduction.  The  importance  of  this  rating  can  be  explained  using  the 
circuit  shown  in  Figure  5.6a.  With  a  line  input  of  120  Vms,  the  peak  primary  voltage 
is  approximately  170  V.  Thus,  any  transient  suppressors  in  the  circuit  must  have 
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1 N5908 


1500  Watt  Mosorb™  Zener 
TVansient  Voltage  Suppressors 

Unidirectional* 

Mosorb  devices  are  designed  to  protect  voltage  sensitive 
components  from  high  voltage,  high-energy  transients.  They  have 
excellent  clamping  capability,  high  surge  capability,  low  zener 
impedance  and  fast  response  time.  These  devices  are 
ON  Semiconductor’s  exclusive,  cost-effective,  highly  reliable 
Surmetic™  axial  leaded  package  and  are  ideally-suited  for  use  in 
communication  systems,  numerical  controls,  process  controls, 
medical  equipment,  business  machines,  power  supplies  and  many 
other  industrial/consumer  applications,  to  protect  CMOS,  MOS  and 
Bipolar  integrated  circuits. 

Specification  Features: 

•  Working  Peak  Reverse  Voltage  Range  -  5  V 

•  Peak  Power  -  1 500  Watts  @  1  ms 

•  Maximum  Clamp  Voltage  @  Peak  Pulse  Current 

•  Low  Leakage  <  5  p  A  Above  1 0  V 

•  Response  Time  is  Typically  <  1  ns 


mg  w  s  i 


ON  Semiconductor™ 

http://onsemi.com 


0 - V 

Cathode 


— o 
Anode 


AXIAL  LEAD 
CASE  41A 
PLASTIC 


Mechanical  Characteristics: 

CASE:  Void-free,  transfer-molded,  thermosetting  plastic 
FINISH:  All  external  surfaces  are  corrosion  resistant  and  leads  are 
readily  solderable 

MAXIMUM  LEAD  TEMPERATURE  FOR  SOLDERING  PURPOSES: 

230°C,  1/16"  from  the  case  for  10  seconds 
POLARITY:  Cathode  indicated  by  polarity  band 

MOUNTING  POSITION:  Any 


MAXIMUM  RATINGS 


Rating 

Symbol 

Value 

m m 

Peak  Power  Dissipation  (Note  1 .) 

PPK 

1500 

Watts 

@  TL  S  25°C 

Steady  State  Power  Dissipation 

Pd 

5.0 

Watts 

@  TL  £  75°C,  Lead  Length  =  3/8" 

Derated  above  Tl  =  75°C 

50 

mW/'C 

Thermal  Resistance,  Junction-to-Lead 

r0JL 

20 

°c/w 

Forward  Surge  Current  (Note  2.) 

'fsm 

200 

Amps 

@Ta  =  25»C 

Operating  and  Storage 

Temperature  Range 

Tj,  Tstg 

-65  to 
+  175 

°C 

1 .  Nonrepetitive  current  pulse  per  Figure  4  and  derated  above  TA  =  25°C 
per  Figure  2. 

2.  1/2  sine  wave  (or  equivalent  square  wave),  PW  =  8.3  ms, 
duty  cycle  =  4  pulses  per  minute  maximum. 

*  Bidirectional  device  will  not  be  available  in  this  device 


L  =  Assembly  Location 
1N5908  =  JEDEC  Device  Code 
YY  =  Year 
WW  =  Work  Week 


(a) 

FIGURE  5.7  1N5908  transient  suppressor  ratings  and  characteristics.  (Copyright  of 
Semiconductor  Component  Industries,  LLC.  Used  by  permission.) 


Vrwm  ratings  greater  than  170  V.  Otherwise,  the  diodes  will  turn  on  during  the  nor¬ 
mal  operation  of  the  circuit. 

■  The  breakdown  voltage  ( VBR )  rating  is  the  peak  or  dc  reverse  voltage  that  will 
drive  the  transient  suppressor  into  its  reverse  breakdown  (zener)  operating  region. 
In  other  words,  this  is  the  reverse  voltage  that  will  trigger  the  device  into  conduc¬ 
tion.  As  shown  in  the  diode  curve,  VBR  is  greater  in  magnitude  than  VRWM  and  is 
measured  at  a  higher  value  of  device  current. 

*  The  clamping  voltage  (Vc)  is  the  rated  voltage  across  the  component  when  it  is 
conducting,  measured  at  the  indicated  current.  Note  that  Vc  decreases  as  device 
current  increases. 


Breakdown  voltage  (VBK) 

The  peak  or  dc  reverse  voltage 
that  will  drive  a  transient 
suppressor  into  its  reverse 
breakdown  (zener)  operating 
region. 

Clamping  voltage  (Vc) 

The  rated  reverse  voltage  across 
a  transient  suppressor  when  it  is 
conducting. 
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ELECTRICAL  CHARACTERISTICS  (TA  =  25"C  unless 
otherwise  noted,  Vp  =  3.5  V  Max.  @  Ip  (Note  3.)  =  100  A) 


miMte mm 

ip  p 

Maximum  Reverse  Peak  Pulse  Current 

Vc 

Clamping  Voltage  @  Ipp 

VRWM 

Working  Peak  Reverse  Voltage 

•r 

Maximum  Reverse  Leakage  Current  @  Vrwm 

Vbr 

Breakdown  Voltage  @  Ip 

It 

Test  Current 

If 

Forward  Current 

VF 

Forward  Voltage  @  Ip 

Uni-Directional  TVS 


ELECTRICAL  CHARACTERISTICS  (TA  =  25“C  unless  otherwise  noted,  VF  =  3.5  V  Max.  @  Ip  (Note  3.)  =  53  A) 


V.  - 

mm 

I&SK!! 

Breakdown  Voltage 

Vbr  (Note  6.)  (Volts) 

mmm 

Nom 

MZ  1 

1N5908 

5.0 

300 

_ Z _ 

- 

1.0 

8.5 

8.0  |  7.6 

NOTES: 

3.  Square  waveform,  PW  =  8.3  ms,  Non-repetitive  duty  cycle. 

4.  1N5908  is  JEDEC  registered  as  a  unidirectional  device  only  (no  bidirectional  option) 

5.  A  transient  suppressor  is  normally  selected  according  to  the  maximum  working  peak  reverse  voltage  (VRW^),  which  should  be  equal  to 
or  greater  than  the  dc  or  continuous  peak  operating  voltage  level. 

6.  Vbr  measured  at  pulse  test  current  \j  at  an  ambient  temperature  of  25°C  and  minimum  voltages  in  Vbr  are  to  be  controlled. 

7.  Surge  current  waveform  per  Figure  4  and  derate  per  Figure  2  of  the  General  Data  - 1 500  W  at  the  beginning  of  this  group 

(b) 


FIGURE  5.7  (continued) 


i  ii  i  in .  i  mini  ii  .  'I  1 1 1 mu  ixi  1 1 mu  n  imiui  0| - 1 - 1 - 1 - 1 - 1 - 1 — ^ - l- 
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Figure  1.  Pulse  Rating  Curve  Figure  2.  Pulse  Derating  Curve 

FIGURE  5.8  1N5908  transient  suppressor  derating  curves.  (Copyright  of  Semiconductor 
Component  Industries,  LLC.  Used  by  permission.) 


5.2.3  Selector  Guides 

Selector  guides  for  transient  suppressors  contain  all  the  ratings  that  we  have  discussed  in 
this  section.  The  selector  guides  for  a  given  series  of  transient  suppressors  can  be 
obtained  from  the  series  manufacturer. 

5.2.4  Back-to-Back  Suppressors 

The  surge  protection  circuit  in  Figure  5.9a  contains  two  transient  suppressors  in  a  common- 
cathode  configuration,  meaning  that  the  cathodes  of  the  two  components  are  connected  to 
each  other.  Assuming  that  each  transient  suppressor  has  a  reverse  breakdown  rating  of 
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Surge-protection  circuit 

(a)  Surge  protection  between  the  hot  and  neutral  lines 


FIGURE  5.9 


Surge-protection  circuit 

(b)  Surge  protection  using  a  single  back-to-back  suppressor 
Surge-protection  circuits. 


200  V,  one  of  two  things  will  happen  if  a  transient  in  the  ac  line  exceeds  this  value. 
Depending  on  the  polarity  of  the  transient: 

■  D{  will  be  forward  biased,  and  D2  will  be  driven  into  its  reverse  operating  region.  In 
this  case,  the  voltage  across  D2  equals  its  clamping  voltage  (VC2),  and  the  primary 
voltage  is  held  to  the  sum  of  VF]  and  Vc2. 

■  D2  will  be  forward  biased,  and  D{  will  be  driven  into  its  reverse  operating  region.  In 
this  case,  the  primary  voltage  is  held  to  the  sum  of  VF2  and  VC1. 

Assuming  that  Dx  and  D2  have  the  same  ratings,  the  maximum  voltage  across  the  trans¬ 
former  primary  cannot  exceed  the  sum  of  Vc  and  VF. 

Surge  protection  can  be  accomplished  using  a  single  back-to-back  suppressor,  as 
shown  in  Figure  5.9b.  This  type  of  suppressor,  whose  terminals  are  identified  as  anode  1 
and  anode  2,  actually  contains  two  transient  suppressors  that  are  connected  internally  like 
the  components  in  Figure  5.9a.  The  obvious  advantages  to  using  this  type  of  component 
are  reduced  circuit  manufacturing  costs  and  simpler  circuitry.  Note  that  back-to-back  sup¬ 
pressors  have  no  VF  ratings,  since  they  are  designed  to  break  down  at  the  rated  value  of 
VBR  in  both  directions. 


5.2.5  Constant-Current  Diodes 

Constant-current  diodes  are  drastically  different  from  any  of  the  diodes  you  have  seen  so 
far.  As  stated  earlier,  a  constant-current  diode  maintains  a  relatively  constant  device  cur¬ 
rent  over  a  wide  range  of  forward  operating  voltages.  As  such,  a  constant-current  diode  is 
often  referred  to  as  a  current  regulator  diode.  The  forward  operating  curves  for  five  cur¬ 
rent  regulator  diodes  are  shown  in  Figure  5.10. 

When  a  conventional  pw-j  unction  diode  is  forward  biased,  VF  is  approximately  0.7  V, 
and  f  r  is  determined  by  the  components  in  the  diode  circuit.  This  does  not  hold  true  for  the 
constant-current  diode.  As  the  forward  curve  in  Figure  5.10  shows,  the  value  of  VF  for  a 
constant-current  diode  can  have  a  wide  range  of  values,  in  this  case  anywhere  from  0.1  to 
100  V.  At  the  same  time,  the  value  of  IF  for  the  constant-current  diode  is  limited  by  the 
diode  itself,  not  by  the  components  in  the  diode  circuit.  For  example,  the  1N5290  curve 
shows  that  the  value  of  IF  for  the  device  increases  as  VF  increases  from  0.15  V  to  approxi¬ 
mately  1.5  V.  At  that  point,  the  diode  regulates  the  value  of  IF  to  around  500  |xA  (0.5  mA). 


Back-to-back  suppressor 

A  single  package  containing 
two  transient  suppressors  in 
either  a  common-cathode  or 
common-anode  configuration. 


Current  regulator  diode 

Another  name  for  the  constant- 
current  diode. _ 

◄  OBJECTIVE  6 
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VAK,  Anode-cathode  voltage  (volts) 

FIGURE  5.10  Current  regulator  forward  operating  curves.  (Copyright  of  Semiconductor 
Component  Industries,  LLC.  Used  by  permission.) 


(anode)  -  —Or—  -  (cathode) 
!f 

FIGURE  5.11  Constant- 
current  diode  schematic 
symbol. 


Peak  operating  voltage  (POV) 
The  maximum  allowable  value 
of  VF. 

Maximum  limiting  voltage  (VL) 
The  voltage  at  which  the  diode 
starts  to  limit  current. 

Regulator  current  ( IP ) 

The  regulated  value  of  forward 
current  for  forward  voltages 
that  are  between  V,  and  POV. 

Minimum  dynamic 
impedance  (Zr) 

The  minimum  forward 
impedance  of  a  constant-current 
diode  when  operated  in  the 
current-limiting  region  of 
operation. 

Minimum  knee  impedance  (ZK) 
The  minimum  forward 
impedance  of  a  constant-current 
diode  when  operated  at  the  knee 
voltage  of  the  operating  curve. 


Series  current  regulator 

A  circuit  that  maintains  a 
constant  circuit  input  current 
over  a  wide  range  of  input 
voltages. 


The  value  of  IF  through  the  1N5290  is  held  at  this  value  for  any  value  of  VF  between  1.5 
and  100  V. 

Because  the  operation  of  the  constant-current  diode  is  so  radically  different  from  that 
of  any  other  diode,  it  has  its  own  schematic  symbol.  This  symbol  is  shown  in  Figure  5.1 1. 


5.2.6  Constant-Current  Diode  Specifications 

The  spec  sheet  in  Figure  5.12  shows  the  maximum  ratings  and  electrical  characteristics 
for  the  1N5283-1N5314  series  current  regulator  diodes.  The  maximum  ratings  should  all 
seem  familiar,  with  the  exception  of  the  peak  operating  voltage  (POV)  rating.  The  peak 
operating  voltage  of  a  current  regulator  is  its  maximum  allowable  value  of  VF.  As  shown, 
current  regulator  diodes  can  have  VF  ratings  that  are  significantly  greater  than  0.7  V  (up 
to  100  V  in  this  case). 

For  reasons  that  you’ll  see  in  a  moment,  we  start  our  coverage  of  the  electrical  charac¬ 
teristics  with  the  last  rating  given,  the  maximum  limiting  voltage  (V,J.  The  VL  rating 
indicates  the  voltage  at  which  the  diode  begins  to  regulate  current.  For  the  1N5290,  the 
value  of  VL  is  1 .05  V.  This  is  lower  than  the  value  of  VL  that  we  obtained  from  the  current 
versus  voltage  graph  in  Figure  5.10  because  it  is  measured  at  0.8 IP. 

The  regulator  current  (IP)  rating  is  the  regulated  value  of  forward  current  for  val¬ 
ues  of  VF  that  are  between  VL  and  POV.  As  long  as  the  forward  voltage  is  kept  between 
the  rated  values  of  VL  and  POV,  the  current  through  the  diode  is  maintained  at  the  value 
of  IP.  Note  that  the  nominal  value  of  lP  for  the  1N5290  is  shown  to  be  470  p,A 
(0.47  mA).  This  is  very  close  to  the  value  provided  by  the  current  versus  voltage  graph 
in  Figure  5.10. 

The  minimum  dynamic  impedance  (Zr)  rating  of  the  constant-current  diode  demon¬ 
strates  another  big  difference  between  this  diode  and  the  /m-junction  diode.  You  may 
recall  that  the  bulk  resistance  of  a  pn-junction  diode  is  typically  very  small,  around  10  II 
or  less.  The  impedance  of  the  constant-current  diode  is  extremely  high,  typically  in  the 
high-kli  to  low-Mfl  range.  The  minimum  knee  impedance  (ZK)  is  in  the  low-kfl  to 
low-MH  range. 


5.2.7  Series  Current  Regulators:  A  Constant-Current 
Diode  Application 

A  series  current  regulator  is  a  circuit  used  to  maintain  a  constant  circuit  or  load  current. 
A  basic  series  current  regulator  is  shown  in  Figure  5.13.  In  this  circuit,  the  current  regula¬ 
tor  diode  is  placed  in  series  between  a  source  and  its  load.  Despite  the  variations  in  the 
source  output  (shown  in  the  display),  the  load  current  is  maintained  at  the  value  of  IP  for 
the  diode. 
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SEMICONDUCTOR 

TECHNICAL  DATA 


Current  Regulator  Diodes 

Field-effect  current  regulator  diodes  are  circuit  elements  that  provide  a  current 
essentially  independent  of  voltage.  These  diodes  are  especially  designed  for  maximum 
impedance  over  the  operating  range.  These  devices  may  be  used  in  parallel  to  obtain 
higher  currents. 


1N5283 

through 

1N5314 


MAXIMUM  RATINGS 


OdttnM 

Symbol 

Value 

Unit 

Peak  Operating  Voltage 

POV 

100 

Volts 

(Tj  =  -55°C  to  +200°C) 

Steady  State  Power  Dissipation 

pd 

@  TL  =  75°C 

600 

mW 

Derate  above  T[_  *  75°C 

Lead  Length  =  3/8 
(Forward  or  Reverse  Bias) 

4.8 

mW/°C 

Operating  and  Storage  Junction 

Tj.  TSfg 

-55  to  +200 

°C 

Temperature  Range 

ELECTRICAL  CHARACTERISTICS  (Ta  =  25“C  unless  otherwise  noted) 


.  Type' No. 

Mninnum 
Dynamic 
Impedance 
@  VT  =  25  V 

Zt(M«> 

Minimum 

Knee 

Impedance 

@VK«6X)V 

ZKtMfl) 

ie  I_  «...  ■  ■— ;  1-1 1- !"■ 

Maximum 

Limiting 

Voltage 

«>lL  =  o  a  lp  M") 
VL  (Volts) 

Norn 

Min 

Max 

IN 5283 

0.22 

0.198 

0.242 

25  0 

2.75 

1.00 

1 N5284 

0.24 

0.216 

0.264 

19.0 

2.35 

1.00 

1 N5285 

0.27 

0.243 

0.297 

14.0 

1.95 

1.00 

1 N5286 

0.30 

0.270 

0.330 

9.00 

1.60 

1.00 

1N5287 

0.33 

0.297 

0.363 

6.60 

1.35 

1.00 

1 N5288 

0.39 

0.351 

0.429 

4.10 

1.00 

1.05 

1 N5289 

0.43 

0.387 

0.473 

3.30 

0.870 

1.05 

1N5290 

0.47 

0.423 

0.517 

2.70 

0.750 

1.05 

1N5291 

0.56 

0.504 

0.616 

1.90 

0.560 

1.10 

1 N5292 

0.62 

0.558 

0.682 

1.55 

0.470 

1.13 

1 N5293 

0.68 

0.612 

0.748 

1.35 

0.400 

1.15 

1 N5294 

0.75 

0675 

0825 

1.15 

0.335 

1.20 

1 N5295 

0.82 

0.738 

0.902 

1.00 

0.290 

1.25 

1 N5296 

0.91 

0.819 

1.001 

0.880 

0.240 

1.29 

1N5297 

1.00 

0.900 

1.100 

0.800 

0.205 

1.35 

1N5298 

1.10 

0.990 

1.21 

0.700 

0.180 

1.40 

1N5299 

1.20 

1.08 

1.32 

0.640 

0.155 

1.45 

1N5300 

1.30 

1.17 

1.43 

0.580 

0.135 

1.50 

1N5301 

1.40 

1.26 

1.54 

0.540 

0.115 

1.55 

1N53Q2 

1.50 

1.35 

1.65 

0.510 

0.105 

1.60 

1N5303 

1.60 

1.44 

1.76 

0.475 

0.092 

1.65 

1N5304 

1.80 

1.62 

1.98 

0.420 

0.074 

1.75 

1N5305 

2.00 

1.80 

2.20 

0.395 

0.061 

1.85 

1N5306 

2.20 

1.98 

2.42 

0.370 

0.052 

1.95 

1N5307 

2.40 

2.16 

2.64 

0.345 

0  044 

2.00 

1N5308 

2.70 

2.43 

2.97 

0.320 

0.035 

2.15 

1NS309 

3.00 

2.70 

3.30 

0.300 

0.029 

2.25 

1N5310 

3.30 

2.97 

3.63 

0.280 

0.024 

2.35 

1N5311 

3.60 

3.24 

3.96 

0.265 

0.020 

2.50 

1N5312 

3.90 

3.51 

4.29 

0.255 

0.017 

2.60 

1N5313 

4.30 

3.87 

4.73 

0.245 

0.014 

2.75 

1NS314 

4.70 

4.23 

5.17 

0.235 

0.012 

2.90 

FIGURE  5.12  1N5283-1N5314  Current  regulator  maximum  ratings  and  electrical  charac¬ 
teristics.  (Copyright  of  Semiconductor  Component  Industries,  LLC.  Used  by  permission.) 


Two  important  points  need  to  be  made  about  the  circuit  shown  in  Figure  5.13: 

1.  Because  the  current  regulator  diode  maintains  a  constant  value  of  IP,  the  sinusoidal 
waveform  at  the  output  of  the  source  does  not  reach  the  load.  In  other  words,  the 
voltage  on  the  load  side  of  the  diode  remains  constant  as  long  as  the  load  resistance 
does  not  change. 

2.  For  the  circuit  to  operate  properly,  the  voltage  across  the  diode,  which  equals  the 
difference  between  the  source  and  load  voltages,  must  remain  between  the  diode’s 
V,  and  POV  ratings. 
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FIGURE  5.13  Series  current  regulator  operation. 


Section  Review  ► 


1.  What  is  a  transient  suppressor ? 

2.  What  is  a  constant-current  diode ? 


Critical  Thinking  ► 


3.  What  is  a  surgel  How  are  ac  power  line  surges  commonly  generated? 

4.  Why  is  a  surge  in  the  ac  power  line  hazardous? 

5.  What  are  the  required  characteristics  for  a  surge-protection  circuit? 

6.  How  does  a  transient  suppressor  differ  from  a  standard  zener  diode? 

7.  Define  each  of  the  following  transient  suppressor  ratings: 

a.  Peak  power  dissipation  (Ppk) 

b.  Working  peak  reverse  voltage  (VRWM) 

c.  Clamping  voltage  ( Vc ) 

8.  Why  don’t  back-to-back  suppressors  have  VF  ratings? 

9.  What  are  the  differences  between  constant-current  diodes  and  pn-junction  diodes? 

10.  Draw  the  schematic  symbol  for  the  constant-current  diode,  and  label  its  terminals. 

11.  Define  each  of  the  following  constant-current  diode  specifications: 

a.  Peak  operating  voltage  (POV) 

b.  Maximum  limiting  voltage  (VL) 

c.  Regulator  current  ( IP ) 

12.  What  purpose  is  served  by  the  series  current  regulator? 

13.  Describe  the  operation  of  the  series  current  regulator. 

14.  Based  on  the  curves  in  Figure  5.10,  what  is  the  relationship  between  the  rated  for¬ 
ward  current  (ID)  of  a  current  regulator  diode  and  the  range  of  VAK  over  which  ID  is 
constant? 


Tunnel  Diodes 


Tlinnel  diode 

A  heavily  doped  diode  used  in 
high-frequency 
communications  circuits. 

Ultrahigh  frequency  (UHF) 
The  band  of  frequencies 
between  300  MHz  and  3  GHz. 


OBJECTIVE  7  ► 


Tunnel  diodes  are  components  used  in  the  ultrahigh  frequency  (UHF)  and  microwave- 
frequency  range.  They  have  many  applications  in  high-frequency  communication  elec¬ 
tronics.  Applications  using  tunnel  diodes  include  amplifiers,  oscillators,  modulators,  and 
demodulators.  Because  of  the  way  that  they  are  manufactured,  they  exhibit  a  unique 
characteristic  curve,  unlike  any  of  the  diodes  that  we  have  already  studied.  The 
schematic  symbol  and  operating  curve  for  the  tunnel  diode  are  shown  in  Figure  5.14a. 
The  operating  curve  is  a  result  of  the  extremely  heavy  doping  used  in  the  manufacturing 
of  the  tunnel  diode.  In  fact,  the  tunnel  diode  is  doped  approximately  1000  times  as  heav¬ 
ily  as  standard  pn-j  unction  diodes.  Figure  5.14b  provides  a  comparison  of  the  tunnel 
diode  and  pn-j  unction  diode  curves. 

In  the  forward  operating  region  of  the  tunnel  diode,  we  are  interested  in  the  area 
between  the  peak  voltage  ( VP )  and  the  valley  voltage  (Vv).  At  VF  =  VP,  forward  current 
is  called  peak  current  (IP).  As  VF  is  increased  to  the  value  of  Vv,  IF  decreases  to  its  min- 
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FIGURE  5.14  Tunnel  diode  symbol  and  characteristic  curve. 


imum  value,  called  valley  current  ( Iv ).  As  you  can  see.,  forward  voltage  and  current  are 
inversely  proportional  when  the  diode  is  operated  between  the  values  ofVP  and  Vv. 

The  region  of  operation  between  the  peak  and  valley  voltage  is  referred  to  as  the  nega¬ 
tive  resistance  region.  The  term  negative  resistance  describes  the  dynamic  resistance  of 
the  component  over  the  range  of  VP  to  Vv,  which  is  found  as 


Rd 


at 

A 7 


(5.3) 


Since  the  dynamic  resistance  of  the  component  is  defined  using  inversely  changing  values 
of  voltage  and  current,  the  calculated  value  of  Rd  is  negative.  This  point  is  illustrated  in 
Example  5.4. 


EXAMPLE  5.4 _ _ 

A  tunnel  diode  has  the  following  values:  IP  =  2  mA  at  VP  =  150  mV  and  Jv  = 
100  p,A  at  Vv  =  500  mV.  Calculate  the  dynamic  resistance  of  the  device. 

Solution:  Using  the  values  given,  the  dynamic  resistance  of  the  component  is 
found  as 


av  _ 

'  A/  Iv- 


350  mV 
A  -1.9  mA 


Practice  Problem  5.4 

A  tunnel  diode  has  the  following  values:  IP  =  5  mA  at  VP  =  100  mV  and  Iv  = 
250  |iA  at  Vv  =  200  mV.  Calculate  the  dynamic  resistance  of  the  component. 


As  you  can  see,  the  dynamic  resistance  of  the  tunnel  diode  has  a  negative  value.  This 
is  why  the  operating  region  between  the  peak  and  valley  voltages  is  referred  to  as  the  neg¬ 
ative  resistance  region. 

It  should  be  noted  that  negative  resistance  is  a  mathematical  concept  that  describes  the 
change  that  takes  place  over  a  range  of  values.  At  any  given  point  on  the  curve,  the  ratio 
of  voltage  to  current  still  yields  a  positive  value. 

Tunnel  diodes  are  operated  almost  exclusively  in  the  negative  resistance  region.  One 
common  use  of  the  tunnel  diode  is  as  the  active  component  in  an  oscillator. 

5.3.1  Tunnel  Diode  Oscillator 

An  oscillator  is  a  circuit  that  is  used  to  convert  dc  to  an  ac  signal.  The  ac  signal  created 
by  the  tunnel  diode  oscillator  could  be  used  for  many  applications  that  require  a  high- 
frequency  sine  wave.  Oscillators  are  discussed  in  detail  in  Chapter  18;  however,  the 


Peak  and  valley  ratings 

The  peak  and  valley  voltage 
and  current  values  for  a  tunnel 
diode  can  be  obtained  from  the 
component  spec  sheet.  When 
operated  between  VP  and  Vv, 
tunnel  diode  forward  voltage 
and  current  are  inversely 
proportional. 

Negative  resistance 
A  term  used  to  describe  any 
device  with  current  and  voltage 
values  that  are  inversely  related. 


Oscillator 

A  circuit  that  converts  dc  to  ac. 
An  ac  signal  generator. 
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Negative  resistance  oscillator 
An  oscillator  whose  operation 
is  based  on  a  negative 
resistance  device. 


tunnel  diode  oscillator  can  be  understood  using  basic  diode  principles.  The  basic  tunnel 
diode  oscillator,  which  is  also  referred  to  as  a  negative  resistance  oscillator,  is  shown  in 
Figure  5.15.  Note  that  the  circuit  is  shown  to  have  a  dc  input  voltage  (labeled  +VS)  and  an 
ac  output  signal.  The  output  frequency  of  the  circuit  is  approximately  equal  to  the  reso¬ 
nant  frequency  of  the  LC  tank  circuit.  The  tank  circuit  in  the  negative  resistance  oscillator 
is  formed  by  the  primary  of  the  transformer  and  C2. 


FIGURE  5.15  Tunnel  diode  oscillator. 


Oscillator  operation  is 
discussed  in  detail  in  Chapter 
18.  The  description  provided 
here  is  intended  only  to  give 
you  a  basic  idea  of  how  the 


The  negative  resistance  oscillator  in  Figure  5.15  uses  a  tunnel  diode  to  generate  and 
sustain  a  sinusoidal  output  with  only  a  dc  input  (as  shown  in  the  figure).  To  understand 
this  principle,  we  need  to  take  a  brief  look  at  what  happens  when  a  current  pulse  is  pro¬ 
vided  to  a  parallel  LC  circuit. 

In  Figure  5.16a,  an  LC  tank  circuit  is  shown  in  series  with  a  switch.  If  the  switch  were 
closed  momentarily,  we’d  get  the  waveform  shown  in  Figure  5.16b.  This  waveform  is 
generated  by  the  back-and-forth  current  between  the  inductor  and  the  capacitor.  Note  that 
the  waveform  loses  amplitude  from  one  cycle  to  the  next  because  of  a  continual  loss  of 
energy  in  the  circuit. 
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(a)  A  parallel  LC  circuit 

(c)  Current  waveform  produced  by  the  LC 
circuit  when  the  switch  is  closed  at  each 
current  peak 

FIGURE  5.16 


The  key  to  sustaining  a  sinusoidal  output  from  an  LC  tank  circuit  is  to  provide  it  with 
additional  current  at  the  peak  of  each  cycle,  as  shown  in  Figure  5.16c.  When  current  is 
provided  to  the  tank  circuit  on  each  cycle,  the  energy  lost  is  restored  to  the  circuit  and  the 
cycles  continue  at  a  constant  amplitude.  With  this  in  mind,  let’s  go  back  to  the  circuit 
shown  in  Figure  5.15. 
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The  tunnel  diode  in  the  circuit  provides  additional  current  to  the  tank  circuit  during  the 
positive  alternations  of  the  sine  wave.  /?,  and  R2  are  used  to  bias  the  tunnel  diode.  The 
biasing  of  the  diode  is  set  (by  design)  so  that  the  following  conditions  are  met: 

1.  When  the  tank  circuit  waveform  is  at  its  positive  peak,  the  difference  between  this 
voltage  and  the  biasing  voltage  equals  the  VP  rating  of  the  diode.  Thus,  diode  cur¬ 
rent  is  at  its  maximum  value  when  the  tank  circuit  waveform  is  at  its  positive 
peak. 

2.  As  the  tank  circuit  waveform  decreases  toward  zero,  the  difference  between  this 
voltage  and  the  biasing  voltage  approaches  the  Vv  rating  of  the  diode.  Thus,  diode 
current  is  decreasing  as  the  sine  wave  voltage  decreases. 


As  these  statements  indicate,  maximum  current  is  supplied  to  the  tank  circuit  when  the 
circuit  waveform  is  at  its  positive  peak.  This  enables  the  circuit  to  sustain  oscillations,  as 
shown  in  Figure  5.16c. 

You  may  be  wondering  how  the  oscillations  start  in  the  first  place.  When  power  is  first 
applied  to  the  circuit,  the  dc  voltage  source  starts  charging  C]  (via  /?,).  As  the  voltage 
across  the  capacitor  increases,  the  change  in  voltage  (and,  therefore,  current)  is  coupled  to 
the  tank  circuit  through  the  diode.  The  change  in  tank  circuit  current  is  sufficient  to  start 
the  oscillations. 

The  negative  resistance  oscillator  has  one  major  drawback.  While  the  circuit  works 
very  well  at  high  frequencies  (in  the  upper  megahertz  range  and  higher),  it  cannot  be  used 
efficiently  at  lower  frequencies.  Lower-frequency  oscillators  are  generally  made  with 
transistors  and  other  integrated  circuits. 


Negative  resistance  oscillators 
cannot  he  used  efficiently  at 


1.  What  is  a  tunnel  diode?  M  Section  Review 

2.  What  is  the  relationship  between  tunnel  diode  forward  current  and  voltage  when  the 
component  is  operated  in  the  negative  resistance  region? 

3.  Refer  to  the  curves  in  Figure  5. 14b.  What  tunnel  diode  characteristic  accounts  for  the 
difference  in  the  operating  curves? 

4.  What  is  meant  by  the  term  negative  resistance ? 

5.  What  is  an  oscillator ? 

6.  What  determines  the  output  frequency  for  a  negative  resistance  oscillator? 

7.  Briefly  explain  the  operation  of  the  circuit  in  Figure  5.15. 


5.4  Other  Diodes 


The  diodes  covered  in  this  section  are  used  less  often  than  the  other  diodes  we  have  dis¬ 
cussed.  Except  for  this  fact,  they  are  not  necessarily  related  to  each  other  in  characteris¬ 
tics  or  applications. 


5.4.1  Schottky  Diodes 

The  Schottky  diode  has  very  little  junction  capacitance.  Because  of  this,  it  can  be  oper¬ 
ated  at  much  higher  frequencies  than  the  typical  pn-j unction  diode.  The  reduced  junction 
capacitance  also  results  in  a  much  faster  switching  time.  For  this  reason,  Schottky  devices 
are  used  more  and  more  in  digital  switching  applications. 

The  Schottky  diode  is  often  referred  to  by  any  of  the  following  names:  Schottky  bar-  -4  OBJECTIVE  8 
rier  diode,  hot-carrier  diode,  and  surface-barrier  diode.  The  schematic  symbol  and  char¬ 
acteristic  curve  for  this  component  are  shown  in  Figure  5.17.  As  the  characteristic  curve 
indicates,  the  Schottky  diode  has  lower  VF  and  VRRM  values  than  those  of  the  pn -junction 
diode.  Typically,  the  Schottky  diode  has  a  VF  of  approximately  0.3  V  and  a  VRRM  of  less 
than  50  V.  These  are  much  lower  than  the  typical  pn-j  unction  ratings  of  VF  =  0.7  V  and 
Vrrm  ~  150  V. 
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Schottky  diode 

A  high-speed  diode  with  very 
little  junction  capacitance. 


The  low  junction  capacitance  and  high-switching-speed  capability  of  the  Schottky 
diode  are  the  result  of  the  construction  of  the  component.  Schottky  diodes  have  a  junction 
that  uses  metal  in  place  of  the  p-type  material,  as  shown  in  Figure  5.18.  As  a  result,  the 
component  has  no  depletion  layer  to  break  down  or  rebuild. 

By  forming  a  junction  with  a  semiconductor  and  metal,  you  still  have  a  junction,  but 
now  there  is  very  little  junction  capacitance.  With  very  little  junction  capacitance,  the 
Schottky  diode  can  be  switched  back  and  forth  very  rapidly  between  forward  and  reverse 
operation.  While  many  components  are  capable  of  switching  at  this  frequency,  most  of 
them  are  low-current  devices.  The  Schottky  diode  is  a  relatively  high-current  device, 
capable  of  switching  rapidly  while  providing  forward  currents  in  the  neighborhood  of 
50  A.  In  sinusoidal  and  low-current  switching  circuits,  the  Schottky  diode  is  capable  of 
operating  at  frequencies  of  20  GHz  and  more. 

Schottky  diodes  are  also  used  in  the  manufacture  of  integrated-circuit  chips  to 
decrease  the  propagation  delay  time  of  the  internal  circuits.  Shorter  propagation  delay 
time  increases  the  maximum  operating  speed  of  integrated  circuits.  This  relationship  is 
discussed  further  in  Chapter  19. 

5.4.2  PIN  Diodes 


OBJECTIVE  9  ►  The  PIN  diode  is  made  up  of  three  semiconductor  materials.  The  construction  of  the  PIN 
diode  is  illustrated  in  Figure  5.19.  The  center  material  is  made  up  of  intrinsic  (pure)  sili¬ 
con.  The  p-  and  n-type  materials  are  very  heavily  doped  and,  therefore,  have  very  low 
resistances. 


Anode 

FIGURE  5.19  PIN  diode. 


Cathode 


When  reverse  biased,  the  PIN  diode  acts  as  a  capacitor.  The  reason  for  this  is  illus¬ 
trated  in  Figure  5.20.  You  may  recall  that  an  intrinsic  semiconductor  acts  as  an  insula¬ 
tor.  Thus,  the  intrinsic  material  in  the  PIN  diode  can  be  viewed  as  the  dielectric  of  a 
capacitor. 

By  comparison  to  the  intrinsic  material,  the  heavily  doped  p-  and  n-type  materials  can 
be  viewed  as  conductors.  Therefore,  we  have  a  dielectric  (the  intrinsic  material)  sand¬ 
wiched  between  two  conductors  (the  p-  and  n-type  materials).  This  forms  the  PIN  diode 
capacitor. 

The  capacitance  of  a  reverse-biased  PIN  diode  is  relatively  constant  over  a  wide  range 
of  reverse  voltages.  For  example,  the  diode  capacitance  curve  for  the  MPN300  PIN  diode 
is  shown  in  Figure  5.21.  Note  that  the  diode  capacitance  remains  at  approximately 
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FIGURE  5.20  PIN  diode  capacitance. 
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FIGURE  5.21  MPN3700  diode  capacitance  curve.  (Copyright  of  Semiconductor  Compo¬ 

nent  Industries,  LLC.  Used  by  permission.) 


0.65  pF  over  the  VR  range  of  -30  to  -50  V.  Over  the  VR  range  of  0  to  -30  V,  the  compo¬ 
nent  has  a  capacitance  curve  similar  to  that  of  a  varactor.  The  capacitance  curve  in  Figure 
5.21  is  typical  for  PIN  diodes. 

When  forward  biased,  the  intrinsic  material  is  forced  into  conduction.  As  the  number 
of  free  carriers  in  the  intrinsic  material  increases,  the  resistance  of  the  material  decreases. 
Thus,  when  forward  biased,  the  PIN  diode  acts  as  a  current-controlled  resistance.  This 
point  is  illustrated  in  Figure  5.22.  Note  that  the  series  resistance  (diode  resistance) 
decreases  as  forward  current  increases.  This  is  due  to  the  increase  in  the  number  of  free 
carriers  that  are  in  the  intrinsic  material. 


When  forward  biased,  the  PIN 
diode  acts, .as  aeumnh .  ..  J|. 

cnw  tolled  resistor.  iH 
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FIGURE  5.22  MPN3700  diode  series  resistance  curve.  (Copyright  of  Semiconductor 
Component  Industries,  LLC.  Used  by  permission.) 
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OBJECTIVE  10  ►  Figure  5.23  shows  the  forward  operating  curve  for  the  PIN  diode.  As  you  can  see,  the 
current  versus  voltage  curve  gradually  increases,  starting  at  the  VF  =  0.75  V  point.  If  you 
compare  this  forward  operating  curve  to  the  pu-junction  diode  curve,  you’ll  see  two 
major  differences: 


1.  The  pn-junction  diode  curve  shows  conduction  to  start  at  nearly  0  V,  while  the  PIN 
diode  starts  conducting  (in  this  case)  at  0.75  V  (750  mV). 

2.  The  pn-junction  diode  has  a  distinct  turning  point  in  the  curve  (called  the  knee  volt¬ 
age) i,  while  the  PIN  diode  shows  no  distinct  knee  voltage. 

These  two  differences  are  caused  by  the  construction  of  the  PIN  diode.  For  the  PIN 
diode  to  conduct,  VF  must  overcome  the  resistance  of  the  insulating  intrinsic  material. 
For  the  MMBV3700,  VF  must  be  at  least  750  mV  before  the  intrinsic  material  will  allow 
conduction. 
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FIGURE  5.23  MPN3700  diode  forward  voltage  curve.  (Copyright  of  Semiconductor  Com¬ 
ponent  Industries,  LLC.  Used  by  permission.) 


Modulator 

A  circuit  that  combines  two 
signals  of  different  frequencies 
into  a  single  signal. 


The  lack  of  a  knee  voltage,  or  turning  point  in  the  curve,  is  because  the  PIN  diode  does 
not  have  a  pn  junction.  Without  a  pn  junction,  the  device  does  not  have  any  sudden  turn¬ 
on  point.  Rather,  conduction  increases  at  a  less  abrupt  rate. 

The  PIN  diode  is  used  primarily  in  UHF  and  microwave  applications.  They  are  also 
used  as  RF  switches  in  many  amateur  radio  systems.  The  low  reverse  capacitance  and 
current-controlled  resistance  make  it  ideal  for  high-frequency  communication  circuits. 

PIN  diodes  are  commonly  used  as  switches  or  modulators.  If  the  VF  value  is  below 
0.75  V,  the  diode  has  virtually  no  current  leakage  because  the  intrinsic  material  acts  as  an 
insulator.  When  forward  biased  above  the  0.75  V  threshold,  the  device  has  a  low-value 
resistance  and  will  pass  a  high-frequency  signal  with  minimal  reduction  in  amplitude, 
thus  closely  resembling  an  ideal  switch. 


Step-recovery  diode 

A  heavily  doped  diode  with  an 
ultrafast  switching  time. 


5.4.3  Step-Recovery  Diodes 

The  step-recovery  diode  is  an  ultrafast  diode.  Like  the  PIN  diode,  the  step-recovery 
diode’s  characteristics  are  due  to  the  unusual  method  of  doping  used.  In  the  case  of  the 
step-recovery  diode,  the  p-  and  n-type  materials  are  doped  much  more  heavily  at  the  ends 
of  the  component  than  they  are  at  the  junction.  This  point  is  illustrated  by  the  graph  in 
Figure  5.24,  which  shows  the  doping  level  increasing  as  the  distance  from  the  junction 
increases. 

The  unusual  doping  of  the  step-recovery  diode  affects  the  time  required  for  the  device 
to  switch  from  off  to  on,  and  vice  versa.  The  typical  switching  time  for  a  step-recovery 
diode  is  in  the  low-picosecond  range.  This  makes  them  ideal  for  switching  applications  in 
the  VHF  frequency  range  and  above. 
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FIGURE  5.24 
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5.4.4  One  Final  Note 

There  are  too  many  types  of  diodes  to  cover  adequately  in  one  chapter.  However,  the 
diodes  covered  in  this  chapter  have  been  selected  to  give  you  a  basis  for  understanding 
some  of  the  other  diode  types. 


1.  What  are  the  commonly  used  names  for  the  Schottky  diode? 

2.  Why  can  the  Schottky  diode  be  operated  at  much  higher  frequencies  than  the  typical 
pn-j  unction  diode? 

3.  How  does  the  construction  of  the  Schottky  diode  differ  from  that  of  the  pn-junction 
diode? 

4.  Describe  the  construction  of  the  PIN  diode. 

5.  Explain  the  reverse  characteristics  of  the  PIN  diode. 

6.  Explain  the  forward  characteristics  of  the  PIN  diode. 

7.  Why  is  the  forward  operating  curve  of  the  PIN  diode  so  different  from  that  of  a 
pn-j unction  diode? 

8.  Describe  the  doping  of  the  step-recovery  diode. 

9.  What  is  the  result  of  the  step-recovery  diode  doping  scheme? 


Here  is  a  summary  of  the  major  points  made  in  this  chapter: 

1.  The  varactor  is  a  type  of  pn-j  unction  diode  that  has  relatively  high  junction  capaci¬ 
tance  when  reverse  biased. 

a.  Varactors  are  used  primarily  as  voltage-controlled  capacitors. 

b.  Varactors  are  also  referred  to  as  varicaps ,  tuning  diodes,  and  epicaps. 

2.  Junction  capacitance  (Ct)  is  inversely  proportional  to  depletion  layer  width. 

a.  An  increase  in  reverse  bias  causes  the  width  of  the  depletion  layer  to  increase. 

b.  C,  decreases  as  reverse  bias  increases. 

c.  The  bias  versus  C,  curve  for  the  varactor  is  shown  in  Figure  5.3. 

3.  The  diode  capacitance  temperature  coefficient  ( TCc )  rating  tells  you  how  much  a 
varactor’s  capacitance  increases  per  1°C  rise  in  temperature  (above  25°C). 

4.  The  capacitance  ratio  (CR)  rating  tells  you  how  much  the  junction  capacitance  of  a 
varactor  varies  over  the  given  range  of  voltages. 

5.  Varactors  are  used  almost  exclusively  in  tuning  circuits. 

a.  A  high-CR  varactor  is  best  suited  for  coarse-tuning  applications. 

b.  A  low-C/?  varactor  is  best  suited  for  fine-tuning  applications. 

6.  The  Q  of  any  capacitor  is  a  measure  of  how  close  the  component  comes  to  having 
the  power  characteristics  of  an  ideal  capacitor. 

a.  The  ideal  capacitor  would  have  infinite  Q. 

b.  The  higher  the  Q  of  a  capacitor,  the  closer  it  comes  to  the  ideal  component. 

c.  Since  they  are  voltage-controlled  capacitors,  varactors  have  Q  ratings. 
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7.  A  transient  suppressor  is  a  zener  diode  with  an  extremely  high  surge-handling 
capability. 

8.  A  constant-current  diode  is  a  diode  that  maintains  a  relatively  constant  device  cur¬ 
rent  over  a  wide  range  of  forward  operating  voltages. 

9.  Transient  suppressors  are  commonly  used  to  protect  power  supply  inputs  from 
surges  that  may  occur  on  the  ac  power  line  (see  Figure  5.6). 

10.  Any  surge  protector  must  have: 

a.  An  extremely  high  power  dissipation  rating  (so  that  it  can  handle  the  surge 
power). 

b.  A  rapid  turn-on  time  (so  that  it  can  short  out  a  surge  before  it  has  time  to  damage 
the  circuit  being  protected). 

11.  The  peak  power  dissipation  rating  ( PPK )  indicates  the  surge-handling  capability  of 
a  transient  suppressor. 

a.  The  PPK  rating  of  a  transient  suppressor  must  be  derated  at  ambient  temperatures 
above  25°C  (see  Figure  5.8a). 

b.  The  power-handling  capability  of  a  transient  suppressor  decreases  as  the  pulse 
width  of  a  surge  increases  (see  Figure  5.8b). 

12.  Transient  suppressors  have  extremely  high  forward  surge  current  ratings. 

13.  The  working  peak  reverse  voltage  (VRWM)  rating  indicates  the  maximum  reverse 
voltage  that  will  not  turn  on  a  transient  suppressor. 

14.  The  breakdown  voltage  ( VBR )  rating  is  the  peak  or  dc  reverse  voltage  that  will  drive 
a  transient  suppressor  into  its  reverse  breakdown  (zener)  operating  region. 

15.  The  clamping  voltage  (  Vc)  is  the  rated  reverse  voltage  across  a  transient  suppressor 
when  it  is  conducting. 

16.  A  back-to-back  suppressor  contains  two  components  in  a  single  case  that  are  con¬ 
nected  as  common-cathode  (or  common-anode)  components. 

17.  A  constant-current  diode  maintains  a  relatively  constant  device  current  as  long  as 
the  component  voltage  stays  within  established  limits. 

a.  The  maximum  limiting  voltage  ( VL )  rating  indicates  the  value  of  forward  voltage 
at  which  the  component  starts  to  limit  current. 

b.  The  peak  operating  voltage  (POV)  rating  is  the  maximum  allowable  value  of 
diode  forward  voltage. 

c.  As  long  as  forward  voltage  is  kept  between  the  limits  set  by  the  diode  VL  and 
POV  ratings,  diode  current  remains  relatively  constant  (see  Figure  5.10). 

d.  The  regulator  current  ( IP )  rating  is  the  value  of  diode  forward  current  over  the 
range  of  rated  component  voltages. 

18.  Constant-current  diodes  are  typically  used  as  series  current  regulators  (see  Figure 
5.13). 

19.  A  tunnel  diode  is  a  heavily  doped  diode  that  is  used  in  high-frequency  communica¬ 
tions  circuits. 

a.  In  the  forward  operating  region,  the  diode  exhibits  a  unique  characteristic 
between  two  rated  voltages,  called  the  peak  voltage  (VF)  and  valley  voltage 
(Yv). 

b.  Between  VP  and  Vv,  an  increase  in  component  voltage  causes  a  decrease  in  com¬ 
ponent  current. 

20.  The  region  of  tunnel  diode  operation  between  VP  and  Vv  is  referred  to  as  the  nega¬ 
tive  resistance  region. 

a.  The  term  negative  resistance  describes  the  dynamic  resistance  (Rd)  of  the 
component. 

b.  The  dynamic  resistance  of  the  component  equals  the  ratio  of  AV  to  A /  over  the 
range  between  VP  and  Vv.  Since  current  decreases  over  this  range,  the  value  of 
Rd  is  negative  (see  Example  5.4). 

21.  An  oscillator  is  a  circuit  that  converts  dc  energy  to  ac  energy. 

22.  The  tunnel  diode  is  the  active  component  in  a  negative  resistance  oscillator  (see 
Figure  5.15). 
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23.  A  Schottky  diode  is  a  high-speed  diode  with  very  little  junction  capacitance. 

a.  The  Schottky  diode  consists  of  an  n-type  material  and  a  metal  plate.  As  such,  it 
has  no  pn  junction  (see  Figure  5.18). 

b.  Since  a  Schottky  diode  does  not  have  a  /w-junction,  it  has  no  junction  capaci¬ 
tance.  As  a  result,  it  is  capable  of  switching  at  extremely  high  frequencies. 

24.  The  Schottky  diode  has  lower  forward  and  maximum  reverse  voltages  than  a 

/w-junction  diode  (see  Figure  5.17). 

25.  The  PIN  diode  is  made  up  of  three  semiconductor  materials. 

a.  An  intrinsic  (pure)  semiconductor  is  sandwiched  between  heavily  doped  p-  and 
n-type  materials. 

b.  When  reverse  biased,  the  PIN  diode  acts  as  a  capacitor. 

c.  When  forward  biased,  the  PIN  diode  acts  as  a  current-controlled  resistor. 

26.  The  step-recovery  diode  is  a  heavily  doped  diode  with  an  ultrafast  switching  time. 
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surface-barrier  diode  191 

clamping  voltage  (Tc)  183 

negative  resistance  189 

transient  suppressor  1 80 

constant-current  diode  181 

negative  resistance 

tunnel  diode  188 

current-controlled 

oscillator  190 

tunnel  diode  oscillator  190 

resistance  193 

oscillator  189 

ultrahigh  frequency 

current  regulator  diode  185 

peak  current  (7P)  189 

(UHF)  188 

diode  capacitance  ( C ,)  177 

peak  operating  voltage 

valley  current  (/v)  1 89 

diode  capacitance 

(POV)  186 

valley  voltage  (Tv)  189 

temperature  coefficient 

peak  power  dissipation 

varactor  174 

(TCc)  175 

rating  (PpK)  182 

varicap  174 

epicap  174 

peak  voltage  (Pv)  189 

working  peak  reverse 

hot-carrier  diode  191 

PIN  diode  192 

voltage  (VRWM)  182 

maximum  limiting 

propagation  delay  192 

voltage  (Vy  186 

regulator  current  (IP)  186 

" —  PRACTICE  PROBLEMS 

Section  5.1 

1.  A  varactor  has  ratings  of  C,  =  50  pF  at  25°C  and  TCc  =  500  ppm/°C.  Determine 
the  change  in  capacitance  for  each  1°C  rise  in  temperature. 

2.  A  varactor  has  ratings  of  C,  =  48  pF  at  25°C  and  TCc  =  800  ppm/°C.  Determine 
the  change  in  capacitance  for  each  1°C  rise  in  temperature. 

3.  The  varactor  in  Figure  5.25  has  the  following  values:  C,  =  48  pF  at  VR  =  3  Vdc,  and 
CR  =  4.8  for  VR  =  3  to  12  Vdc.  Determine  the  resonant  frequency  for  the  circuit  at 
VR  =  3  Vdc  and  V R  =  12  Vdc. 
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FIGURE  5.25 


FIGURE  5.26 


4.  The  varactor  in  Figure  5.26  has  the  following  values:  C,  =  68  pF  at  VR  =  4  Vdc,  and 
CR  =  1.12  for  VR  =  4  to  10  Vdc.  Determine  the  resonant  frequency  for  the  circuit  at 
Vr  =  4  Vdc  and  VR  =  10  Vdc. 

Section  5.2 

5.  Figure  5.27  shows  the  surge  power  curves  for  the  Motorola  MPZ-16  series  transient 
suppressors.  How  much  power  can  these  diodes  handle  if  the  surge  duration  is  8  ms 
and  Tc  =  35°C? 


Maximum  Non-Repetitive  Surge  Power 


Q  1  I  I  I  .  I  1  I  I  I  I  II  l  I  I _ | _ I  I  I  I  I  I _ _l - 1 - 1 - 1 - 1.  I  I  I  1.1 - 1 - 1 - 1 - 1 - 1  I  till 

6.0001  0.0002  0.0005  0.001  0.002  0.005  0.01  0.02  0.05  0.1  0.2  0.5  1.0  2.0  5.0  10 


t,  Time  (sec) 

FIGURE  5.27  MPZ-16  peak  power  curves. 


6.  Refer  to  Figure  5.27.  Determine  the  maximum  power  dissipation  for  the  MPZ-16 
series  diodes  when  the  surge  duration  is  15  ms  and  Tc  =  35°C. 


PUSHING  THE  ENVELOPE  “  ” 

7.  The  varactor  in  Figure  5.28  has  the  characteristic  curves  shown.  What  value  of  VR  is 
required  to  set  the  resonant  frequency  of  the  tank  circuit  to  200  kHz? 

8.  The  1N6303A  transient  suppressor  has  the  characteristics  shown  in  the  selector 
guide  in  Figure  5.29.  Determine  the  dynamic  zener  impedance  (Zz)  of  this  suppres¬ 
sor.  (Hint:  Review  the  method  used  to  determine  Zz  that  was  shown  in  Chapter  2.) 

9.  The  circuit  shown  in  Figure  5.30  cannot  tolerate  an  input  voltage  surge  that  is 
greater  than  30%  above  the  rated  peak  value  of  Vin.  Which  of  the  suppressors  listed 
in  Figure  5.29  would  be  best  suited  for  use  in  this  circuit? 
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I R  ,  REVERSE  CURRENT  (nA)  Cp ,  CAPACITANCE  -  pF 


MBV109T1  MMBV109LT1  MV209 


VR,  REVERSE  VOLTAGE  (VOLTS) 


10  100  1000 
f,  FREQUENCY  (MHz) 


DIODE  CAPACITANCE 


FIGURE  OF  MERIT 


Ta,  AMBIENT  TEMPERATURE 


LEAKAGE  CURRENT 


DIODE  CAPACITANCE 


FIGURE  5.28  (Copyright  of  Semiconductor  Component  Industries,  LLC.  Used  by 
permission.) 


1N6267A  Series 


ELECTRICAL  CHARACTERISTICS  (TA  =  25°C  unless  otherwise  noted,  VF  =  3.5  VMax.  @  lF  (Note  1)  =  100  A) 
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1 .  1/2  sine  wave  (or  equivalent  square  wave),  PW  =  8.3  ms,  duty  cycle  =  4  pulses  per  minute  maximum. 

2.  Indicates  JEDEC  registered  data 

3.  A  transient  suppressor  is  normally  selected  according  to  the  maximum  working  peak  reverse  voltage  (Vrwm).  which  should  be  equal  to  or 
greater  than  the  dc  or  continuous  peak  operating  voltage  level, 

4.  VgR  measured  at  pulse  test  current  I  j  at  an  ambient  temperature  of  25°C 

5.  Surge  current  waveform  per  Figure  5  and  derate  per  Figures  1  and  2. 

FIGURE  5.29  (Copyright  of  Semiconductor  Component  Industries,  LLC.  Used  by  permission.) 


FIGURE  5.30 


ANSWERS  TO  THE 
EXAMPLE  PRACTICE 

5.1 

387.95  kHz  at  VR  =  4  V,  520.49  kHz  at  VR  = 

10V 

PROBLEMS 

5.2 

387.95  kHz  at  VR  =  4  V,  401.30  kHz  at  VR  = 

10V 

5.3 

jPpk  =  270  W  at  T  =  150°C  (assuming  a  derating  value  of  18%) 

5.4 

Rd  =  -21.05  fi 
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chapter 


Bipolar  Junction 
Transistors 


Objectives 

After  studying  the  material  in  this  chapter,  you  should  be  able  to: 

1.  Name  and  identify  (by  schematic  symbol)  each  terminal  of  the  bipolar  junction  transistor 
(BJT),  and  explain  its  relationship  to  the  other  terminals  of  the  transistor. 

2 .  Describe  the  construction  of  a  BJT. 

3.  Describe  the  characteristics  of  a  BJT  in  the  cutoff,  saturation,  and  the  active  regions  of 
operation. 

4.  Discuss  the  transistor  as  a  current-controlled  device,  and  state  the  relationship  among  the 
three  terminal  currents. 

5.  Define  beta  and  use  its  value  in  transistor  current  calculations. 

6.  Define  alpha  and  use  its  value  in  transistor  current  calculations. 

7.  Calculate  the  maximum  allowable  base  current  for  a  transistor  given  the  maximum 
allowable  value  of  collector  current  and  the  maximum  beta  rating  of  the  device. 

8.  List  and  describe  the  various  transistor  voltage  ratings. 

9.  Describe  the  characteristic  curves  of  a  BJT. 

10.  Describe  the  relationship  among  beta,  temperature,  and  dc  collector  current. 

11.  Describe  thermal  resistance  and  its  effect  on  the  operating  temperature  of  a  transistor 
junction. 

12.  Describe  the  five  ohmmeter  checks  used  to  test  for  a  faulty  BJT. 

13.  Explain  the  difference  between  discrete  and  integrated  transistors. 

14.  Describe  the  characteristics  of  high-current,  high-voltage,  and  high-power 
transistors. 

15.  Describe  the  basic  construction  of  surface-mount  components,  and  list  the  advantages 
they  have  over  other  ICs. 
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6.1  Introduction  to  Bipolar  Junction  Transistors  (BJTs) 

6.2  Transistor  Construction  and  Operation 

6.3  Transistor  Current  and  Voltage  Ratings 

6.4  Transistor  Characteristic  Curves 

6.5  Transistor  Specification  Sheets 

6.6  Transistor  Testing 

6.7  Related  Topics 
Chapter  Summary 


A  Common  Belief 


Popular  belief  holds  that  the  bipolar  junction  transistor,  or 
BJT,  was  developed  by  Schockley,  Brattain,  and  Bardeen  in 
1948.  However,  this  is  not  entireLy  accurate. 

The  transistor  developed  by  the  Bell  Laboratories  team  in 
1948  was  a  point-contact  transistor.  This  device  consisted  of 
a  thin  germanium  wafer  connected  to  two  extremely  thin 
wires.  The  wires  were  spaced  only  a  few  thousandths  of  an 
inch  apart.  A  current  introduced  to  one  of  the  wires  was 


amplified  by  the  germanium  wafer,  and  the  larger  output  cur¬ 
rent  was  taken  from  the  other  wire. 

The  BJT  wasn't  actually  developed  until  late  1951.  The 
component  was  developed  by  Dr.  Schockley  and  another  Bell 
Laboratories  team.  The  first  time  the  component  was  used  in 
any  type  of  commercial  venture  was  in  October  1952,  when 
the  Bell  System  employed  transistor  circuits  in  the  telephone 
switching  circuits  in  EngLewood,  N.J. 


Transistor 

A  three-terminal  device  whose 
output  current,  voltage,  and/or 
power  are  controlled  by  its 
input. 

Amplifier 

A  circuit  used  to  increase  the 
strength  of  an  ac  signal. 


The  main  building  block  of  modern  electronic  systems  is  the  transistor.  The  transistor 
is  a  three-terminal  device  whose  output  current,  voltage,  ahd/or  power  are  controlled 
by  its  input.  In  communications  systems,  it  is  used  as  the  primary  corilponent  in  the 
amplifier,  a  circuit  used  to  increase  the  strength  of  an  ac  signal.  In  digital  computer 
systems,  the  transistor  is  used  as  a  high-speed  electronic  switch  capable  of  switching 
between  two  operating  states  (open  and  closed)  at  a  rate  of  several  billions  of  times  per 
second. 

There  are  two  basic  transistor  types:  the  bipolar  junction  transistor  (BJT),  and  the 
field-effect  transistor  (FET).  As  you  will  see,  these  two  transistor  types  differ  in  their 
operating  characteristics  and  their  internal  construction.  You  should  note  that  the  single 
term  transistor  is  generally  used  in  reference  to  the  BJT.  The  field-effect  transistor  is  sim¬ 
ply  referred  to  as  a  FET. 

In  this  chapter  we  will  take  a  look  at  the  bipolar  junction  transistor  and  its  basic  oper¬ 
ating  principles.  FETs  are  discussed  in  detail  in  Chapters  12  and  13. 


OBJECTIVE  1 


Introduction  to  Bipolar  Junction  Transistors  (BJTs) 


npn  transistor 

A  BJT  with  n-type  emitter  and 
collector  materials  and  a  p-type 
base. 

pnp  transistor 

|  A  BJT  with  p-type  emitter 
|  and  collector  materials  and  an 
:  n-type  base. 


The  bipolar  junction  transistor,  or  BJT,  is  a  three-terminal  component.  The  three  ter¬ 
minals  are  called  the  emitter,  the  collector,  and  the  base.  The  emitter  and  collector  are 
made  up  of  the  same  type  of  semiconductor  material  (either  p-  or  n-type),  while  the 
base  is  made  of  the  other  type  of  material.  The  structure  of  the  BJT  is  illustrated  in 
Figure  6.1. 

As  you  can  see,  there  are  two  types  of  BJTs.  The  first  type,  called  the  npn  transistor, 
has  n-type  emitter  and  collector  materials  and  a  p- type  base.  The  pnp  transistor  is  con¬ 
structed  in  the  opposite  manner;  this  transistor  has  p-type  emitter  and  collector  materials 
and  an  n-type  base. 
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Collector 


T 


Emitter 


npn  transistor 


Collector 


Emitter  I 

E 


pnp  transistor 


(a)  (b) 

FIGURE  6.1  BJT  construction  and  schematic  symbols. 


6.1.1  BJT  Schematic  Symbols 

Figure  6.1  also  shows  the  schematic  symbols  for  the  npn  and  pnp  transistors.  The  arrow 
on  the  schematic  symbol  is  important  for  three  reasons: 

1.  It  identifies  the  component  terminals.  The  arrow  is  always  drawn  on  the  emitter  ter¬ 
minal.  The  terminal  opposite  the  emitter  is  the  collector,  and  the  center  terminal  is 
the  base. 

2.  The  arrow  always  points  toward  the  n-type  material.  If  the  arrow  points  toward  the 
base,  the  transistor  is  a  pnp  type.  If  it  points  toward  the  emitter,  the  transistor  is  an 
npn  type. 

3.  The  arrow  indicates  the  direction  of  the  emitter  current.  As  with  the  /w-junction 
diode,  electron  flow  is  against  the  arrow.  As  you  will  see,  knowing  the  direction  of 
the  emitter  current  tells  you  the  directions  of  the  other  terminal  currents. 

6.1.2  Transistor  Currents 

The  terminal  currents  of  a  transistor  are  illustrated  in  Figure  6.2.  The  emitter,  collector, 
and  base  currents  of  the  transistor  are  identified  as  IE,  Ic,  and  IB,  respectively.  Under  nor¬ 
mal  circumstances,  IE  has  the  greatest  value  of  the  three,  followed  by  Ic.  The  base  current 
( lB )  normally  has  a  much  lower  value  than  either  of  the  other  currents.  Note  that  the  cur¬ 
rent  directions  for  the  npn  transistor  are  the  opposite  of  those  for  the  pnp  transistor. 

The  transistor  is  a  current-controlled  device',  that  is,  the  values  of  the  collector  and 
emitter  currents  are  determined  primarily  by  the  value  of  the  base  current.  Under  normal 
circumstances,  the  values  of  7C  and  lE  vary  directly  with  the  value  of  IB.  An  increase  or 
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Current  gain  ((J) 

The  factor  by  which  current 
increases  from  the  base  of  a 
transistor  to  its  collector. 


A  Memory  Trick: 

There  is  a  relatively  simple  way 
to  remember  the  voltages  listed 
here.  When  the  voltage  has  a 
double  subscript  (such  as  CC, 
BB,  or  EE),  it  is  a  supply 


voltage  When  two  different 
subscripts  are  shown  (such  as 


Section  Review  ► 


decrease  in  the  value  of  IB  causes  a  similar  change  in  the  values  of  Ic  and  This  rela¬ 
tionship  is  discussed  in  detail  in  Section  6.2. 

The  value  of  Ic  for  a  given  transistor  is  normally  some  multiple  of  the  value  of  IB.  The 
factor  by  which  current  increases  from  base  to  collector  is  referred  to  as  the  forward 
current  gain  of  the  device  and  is  represented  using  the  Greek  letter  beta  ((3).  To  deter¬ 
mine  the  value  of  the  collector  current  for  a  transistor,  you  simply  multiply  the  base  cur¬ 
rent  by  the  component’s  beta  rating  as  follows: 

lc  =  P/B  (6.D 

For  example,  assume  that  the  transistor  in  Figure  6.2a  has  values  of  1B  —  50  p.A  and  (3  = 
120.  Using  these  values  in  equation  (6.1),  the  collector  current  for  the  transistor  is  found 
as 


Ic  ~  P/s  =  (120)(50  pA)  =  6  mA 


The  significance  of  this  relationship  is  demonstrated  throughout  this  chapter. 

6.1.3  Transistor  Voltages 

Several  voltages  are  normally  involved  in  any  discussion  of  transistor  operation.  These 
voltages  are  described  in  Table  6.1,  and  most  are  identified  in  Figure  6.3.  VCc  an(J  Vbb 
(Figure  6.3a)  are  dc  voltage  sources  that  are  used  to  bias  the  transistor.  Some  circuits  also 
contain  a  dc  biasing  source  in  the  emitter  circuit  labeled  VEE.  Vc,  VB,  and  VE  (Figure  6.3b) 
are  transistor  terminal  voltages,  and  each  is  measured  from  the  identified  transistor  termi¬ 
nal  to  ground.  Vce >  Vcbi  and  V BE  (Figure  6.3c)  are  measured  across  the  identified  transis¬ 
tor  terminals.  Be  sure  that  you  learn  to  distinguish  quickly  between  the  various  voltages 
identified  in  Figure  6.3,  as  it  will  make  future  discussions  easier  to  follow. 


TABLE  6.1  Transistor  Voltages 


Voltage  Abbreviation 

Definition 

Fee 

Collector  supply  voltage.  This  is  a  power  supply  voltage  applied 
directly  or  indirectly  to  the  collector  of  the  transistor. 

Fbb 

Base  supply  voltage.  This  is  a  dc  voltage  used  to  bias  the  base  of  the 
transistor.  It  may  come  directly  from  a  dc  voltage  supply  or  be 
applied  indirectly  to  the  base  by  a  resistive  circuit. 

Vee 

Emitter  supply  voltage.  This,  again,  is  a  dc  biasing  voltage.  In  many 
cases,  VEE  is  simply  a  ground  connection. 

Vc 

This  is  the  dc  voltage  measured  from  the  collector  terminal  of  the 
component  to  ground. 

vB 

This  is  the  dc  voltage  measured  from  the  base  terminal  to  ground. 

VE 

This  is  the  dc  voltage  measured  from  the  emitter  terminal  to  ground. 

VcE 

This  is  the  dc  voltage  measured  between  the  collector  and  emitter 
terminals  of  the  transistor. 

Vbe 

This  is  the  dc  voltage  measured  between  the  base  and  emitter 
terminals  of  the  transistor. 

VcB 

This  is  the  dc  voltage  measured  between  the  collector  and  base 
terminals  of  the  transistor. 

1.  What  is  the  primary  application  for  the  transistor  in  communications  electronics? 

2.  What  is  the  primary  application  for  the  transistor  in  digital  electronics? 

3.  What  are  the  two  basic  types  of  transistors? 

4.  What  are  the  terminals  of  a  BJT  called? 
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Collector  supply 
voltage 


(c)  The  voltages  measured  across  the  transistor  junctions 
FIGURE  6.3  Transistor  amplifier  voltages. 


5.  What  are  the  two  types  of  BJTs?  How  do  they  differ  from  each  other? 

6.  What  does  the  arrow  on  the  BJT  schematic  symbol  indicate? 

7.  Draw  and  label  the  schematic  symbols  of  an  npn  and  a  pnp  transistor. 

8.  Identify  the  following  transistor  voltages:  Vcc,  VBb,  Vee,  Vc,  Ve,  Vb,  Vce,  Vbe,  and 


6.2  Transistor  Construction  and  Operation 


The  transistor  is  made  up  of  three  separate  semiconductor  materials.  The  three  materials  ◄  OBJECTIVE  2 
are  joined  together  so  that  they  form  two  pn  junctions,  as  shown  in  Figure  6.4. 

The  point  at  which  the  emitter  and  base  are  joined  forms  a  single  pn  junction  called 
the  base-emitter  junction.  The  collector-base  junction  is  the  point  where  the  base  and 
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The  two  junctions  in  a  BJT  are 
referred  to  as  the  base-emitter 
the  collector-base 

. . 


The  transistor  operating  regions 
are  called  cutoff,  active,  and . 

'MM&BtoJz*,-.., .  .  ..  ,...\ 


Zero  bias 

The  biasing  of  the  BJT  at  room 
temperature  with  no  potentials 
applied. 


(B) 


FIGURE  6.4  BJT  construction. 


Emitter-base 
junction  diode 


Collector-base 
junction  diode 


(E) 


- 17 

■  n 

■(C) 


(B) 


collector  meet.  The  two  junctions  are  normally  operated  in  one  of  three  biasing  combina¬ 
tions  as  follows: 

Base-Emitter  Junction  Collector-Base  Junction  Operating  Region 

Reverse  biased  Reverse  biased  Cutoff 

Forward  biased  Reverse  biased  Active 

Forward  biased  Forward  biased  Saturation 


When  both  junctions  are  reverse  biased,  the  transistor  is  said  to  be  in  cutoff.  When  the 
base-emitter  junction  is  forward  biased  and  the  collector-base  junction  is  reverse  biased, 
the  transistor  is  said  to  be  operating  in  the  active  region.  When  both  junctions  are  forward 
biased,  the  transistor  is  said  to  be  in  saturation.  These  operating  “regions”  refer  to  areas 
on  a  characteristic  curve  that  will  be  discussed  later  in  this  chapter. 

In  our  discussion  of  the  transistor  operating  regions,  we  will  be  concentrating  on  the 
npn  transistor.  Note  that  all  the  principles  covered  apply  equally  to  the  pnp  transistor. 

6.2.1  Zero  Bias 

Figure  6.5  shows  the  npn  transistor  at  room  temperature  with  no  biasing  potential  applied. 
You  may  recall  from  Chapter  1  that  an  unbiased  pn  junction  forms  a  depletion  layer  at 
room  temperature  due  to  recombination  of  free  carriers  produced  by  thermal  energy. 
These  depletion  layers  are  shown  in  Figure  6.5. 


(C) 


Collector-base 
depletion  region 


Emitter-base 
depletion  region 


FIGURE  6.5  Zero  biasing. 


Since  both  junctions  have  a  depletion  layer,  they  are  both  reverse  biased  at  room  tem¬ 
perature.  Note  that  the  depletion  layers  extend  farther  into  the  base  region  than  either  of 
the  other  two  because  the  base  region  has  a  lower  doping  level.  With  a  lower  doping  level, 
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there  are  fewer  free  carriers  for  recombination,  so  the  depletion  layer  extends  farther  into 
this  region. 


6.2.2  Cutoff 

Figure  6.6  shows  a  transistor  with  two  biasing  potentials  applied.  As  a  result  of  these 
applied  voltages,  both  transistor  junctions  are  reverse  biased. 


(C) 


(E) 


FIGURE  6.6  Cutoff. 


With  the  polarities  shown,  the  two  depletion  layers  extend  well  into  the  emitter,  base, 
and  collector  regions.  With  the  larger  depletion  layers,  only  an  extremely  small  amount  of 
reverse  current  passes  from  the  emitter  to  the  collector,  and  the  transistor  is  said  to  be  in 
cutoff.  For  example,  a  2N3904  transistor  with  a  collector-emitter  voltage  (VCE)  of  40  V 
and  a  reverse  base-emitter  voltage  (VBE)  as  low  as  3  V  will  allow  only  50  nA  of  collector 
current  (7C).  This  is  extremely  small  compared  to  the  200  mA  value  of  Ic  that  the  compo¬ 
nent  is  capable  of  handling  when  the  base-emitter  junction  is  forward  biased. 


6.2.3  Saturation 

The  opposite  of  cutoff  is  saturation.  Saturation  is  the  condition  wher t  further  increases 
in  IB  do  not  result  in  further  increases  in  Ic.  When  a  transistor  is  saturated,  Ic  has  reached 
its  maximum  possible  value,  as  determined  by  the  collector  supply  voltage  (Vcc)  and  the 
total  resistance  in  the  collector-emitter  circuit.  This  point  can  be  explained  using  the  cir¬ 
cuit  shown  in  Figure  6.7. 

Assume  for  a  moment  that  VCE  for  the  transistor  is  0  V  (an  ideal  situation).  If  this  is  the 
case,  Ic  will  depend  completely  on  the  values  of  VCc,  Rc  (the  collector  resistor),  and  RE 
(the  emitter  resistor).  According  to  Ohm’s  law,  this  maximum  value  of  Ic  can  be  found  as 


vcc 


Rr  +  Rf 


Now,  let’s  say  that  IB  is  increased  to  the  point  where  Ic  reaches  its  maximum  value  and 
cannot  increase  any  further.  Once  this  point  is  reached,  additional  increases  in  IB  do  not 
increase  the  value  of  Ic,  and  the  relationship  Ic  =  (3 IB  no  longer  holds  true. 

If  IB  is  increased  beyond  the  point  where  Ic  can  increase,  both  of  the  transistor  junc¬ 
tions  become  forward  biased.  This  point  is  illustrated  in  Figure  6.7.  VCE  for  the  transistor 
is  shown  to  be  approximately  0.3  V,  which  is  typical  for  a  saturated  transistor.  With  the 
0.7  V  value  of  VBE,  the  collector-base  junction  is  biased  to  the  difference  between  the  two, 


◄  OBJECTIVE  3 


Cutoff 

A  BJT  operating  state  where  Ic 
is  nearly  zero. 


Saturation 

A  BJT  operating  region  where 
lc  reaches  its  maximum  value. 
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Active  region 
The  BJT  operating  region 
between  saturation  (maximum 
Zc)  and  cutoff  (minimum  lc). 


FIGURE  6.7  Saturation  circuit  conditions. 

0.4  V.  Note  that  this  voltage  indicates  that  the  collector-base  junction  of  the  transistor  is 
forward  biased  (even  though  it  isn’t  on  fully).  y 

6.2.4  Active  Operation 

A  transistor  is  said  to  be  operating  in  the  active  region  when  the  base-emitter  junction  is 
forward  biased  and  the  collector-base  junction  is  reverse  biased.  Generally,  the  transistor 
is  said  to  be  in  active  operation  when  it  is  between  cutoff  and  saturation.  The  biasing  for 
active  operation  is  illustrated  in  Figure  6.8. 

The  operation  of  the  transistor  in  this  region  is  easiest  to  understand  by  considering 
just  the  base-emitter  voltage  (VBE).  When  VBE  is  sufficient  to  overcome  the  barrier  poten¬ 
tial  of  the  junction,  current  is  generated  in  the  emitter  and  base  regions. 

If  the  combined  base  and  emitter  regions  of  the  transistor  acted  as  a  normal  diode,  all 
emitter  current  would  exit  the  component  through  the  base.  However,  because  the  base 
region  is  very  lightly  doped,  the  resistance  of  the  base  material  is  greater  than  the  resis¬ 
tance  of  the  reverse-biased  collector-base  junction.  Thus,  the  vast  majority  of  the  emitter 
current  continues  through  the  reverse-biased  collector-base  junction  to  the  collector  circuit. 

The  idea  of  current  through  a  reverse-biased  pn  junction  should  not  seem  that  strange 
to  you.  After  all,  the  zener  diode  is  designed  to  allow  current  through  a  reverse-biased 
junction.  The  collector-base  junction  of  the  transistor  is  also  designed  to  allow  a  reverse 
current  without  doing  damage  to  the  junction. 

6.2.5  The  Bottom  Line 

When  a  transistor  is  in  cutoff,  both  junctions  are  reverse  biased,  and  the  current  through 
all  three  terminals  is  nearly  zero.  When  saturated,  Ic  is  at  its  maximum  possible  value.  In 
this  case,  both  transistor  junctions  may  be  forward  biased,  depending  on  the  value  of  1B. 
In  either  case,  Ic  is  limited  by  Vcc  and  the  resistance  in  the  collector-emitter  circuit. 

The  region  of  operation  between  cutoff  and  saturation  is  called  the  active  region. 
When  a  transistor  is  operating  in  this  region,  its  base-emitter  junction  is  forward  biased 
and  its  collector-base  junction  is  reverse  biased.  Because  of  the  light  doping  of  the  base, 
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FIGURE  6.8  Active  operation. 

very  little  recombination  occurs  in  the  base  region,  most  of  lE  passes  through  to  the  col¬ 
lector  circuit.  The  base-emitter  voltage  ( VBE )  is  approximately  equal  to  0.7  V  (the  barrier 
potential  of  the  junction).  The  values  of  collector-base  voltage  ( VCB )  and  collector-emitter 
voltage  (VCE)  depend  on  the  amount  of  current  through  the  transistor  and  on  the  values  of 
the  external  circuit  components. 

As  a  reference,  the  characteristics  of  the  three  transistor  operating  regions  are  summa¬ 
rized  in  Figure  6.9. 


1.  How  are  the  two  junctions  of  a  transistor  biased  when  the  component  is  in:  ◄  Section  Review 

a.  Cutoff? 

b.  The  active  region? 

c.  Saturation? 

2.  What  is  the  value  of  Ic  when  a  transistor  is  in  cutoff? 

3.  What  controls  the  value  of  Ic  when  a  transistor  is  saturated? 

4.  Describe  the  basic  operation  of  a  transistor  biased  for  active-region  operation. 

5.  How  would  you  go  about  demonstrating  that  the  depletion  layers  shown  in  Figure  6.5  ◄  Critical  Thinking 

exist  when  no  bias  is  applied  to  a  transistor? 

6.  When  current  passes  through  any  resistance,  heat  is  generated.  Based  on  Figure  6.8, 
which  part  of  the  BJT  generates  the  greatest  amount  of  heat? 


6.3  Transistor  Current  and  Voltage  Ratings 


There  are  several  transistor  current  and  voltage  ratings.  Some  of  these  ratings  are  parame¬ 
ters,  and  some  of  them  are  typical  electrical  characteristics.  In  this  section,  we  will  take  a 
look  at  several  transistor  current  and  voltage  relationships,  component  ratings,  and  what 
they  mean  in  everyday  transistor  applications. 
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Active 


The  base-emitter  junction  is  forward  bi 
and  the  collector-base  junction  is  revet 
biased. 

All  terminal  currents  have  some  measi 
value  in  the  direction  shown.  The  mag 
of  lc  depends  on  the  values  of  p  and  / 
VBE  is  approximately  0.7  V,  and  VCE  fa 
somewhere  in  the  range  of  VBB  <  VCE 


Saturation 


Both  transistor  junctions  are  forward  biased. 
The  terminal  currents  are  in  the  directions 
shown.  '  '?'■'!  \ 

lc  reaches  its  maximum  value,  which  is 
determined  by  the  components  in  the 
collector-emitter  circuit,  and  is  independent  o 
the  values  of  p  and  le. 

VBEte  approximately  0,7  V  and  VCB<  VBB 


FIGURE  6.9 


i 


6.3.1  Transistor  Currents 

OBJECTIVE  4  ►  As  you  know,  the  transistor  is  a  current-controlled  device.  In  many  applications,  the  base 
current  is  varied  to  produce  variations  in  Ic  and  IE.  Because  of  the  construction  of  the 
component,  a  small  change  in  IB  results  in  a  larger  change  in  the  other  terminal  currents. 
This  relationship  is  illustrated  in  Figure  6.10.  As  you  can  see,  the  small  increase  in  base 
current  (from  10  p A  to  20  pA)  produces  a  larger  increase  in  Ic  and  in  IE  (from  2  mA  to 
4  mA).  The  larger  increase  in  the  emitter  and  collector  currents  is  due  to  the  current  gain 
of  the  transistor.  This  point  is  illustrated  in  Example  6.1. 
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FIGURE  6.10  BJT  current  relationships. 


EXAMPLE  6.1 _ 

Determine  the  values  of  collector  current  for  the  values  of  base  current  shown  in 
Figure  6.11. 


FIGURE  6.11 

Solution:  The  base  current  in  Figure  6. 1 1  has  an  initial  value  of  20  jxA.  The  beta 
rating  of  the  component  is  300.  Using  these  values,  the  initial  value  of  collector 
current  is  found  as 


4  =  (34  =  (300)(20  p,A)  =  6  mA 


When  4  increases  to  50  |xA,  the  collector  current  also  increases.  At  the  new  value 
of  4,  the  collector  current  is  found  as 


4  =  34  =  (300)(50  p.A)  =  15  mA 


Thus,  a  30  |iA  change  in  base  current  causes  a  9  mA  change  in  collector  current. 

Practice  Problem  6.1 

A  transistor  has  values  of  4  =  50  |xA  and  (3  =  350.  Determine  the  value  of  Ic  for 
the  device. 


The  effect  that  a  change  in  base  current  has  on  the  output  of  a  transistor  will  be  demon¬ 
strated  further  when  we  discuss  the  ac  operation  of  transistors. 
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6.3.2  The  Relationship  Among  IE,  Ic,  and  IB 

According  to  Kirchhoff’s  current  law,  the  current  leaving  a  component  must  equal  the 
current  entering  the  component.  With  this  in  mind,  it  is  easy  to  see  that  IE  must  equal  the 
sum  of  the  other  two  currents.  By  formula, 


4  =  4  +  Ic  (6-2) 

Since  IB  is  normally  much  less  than  Ic,  the  collector  and  emitter  currents  are  approxi¬ 
mately  equal.  By  formula, 

Ic  |  4  (6.3) 

The  current  relationship  shown  in  equations  (6.2)  and  (6.3)  hold  true  for  both  the  npn  and 
pnp  transistors. 

The  validity  of  equation  (6.3)  can  be  seen  by  looking  at  the  results  in  Example  6.1. 
After  the  increase,  4  was  given  as  50  jjlA  and  4  was  determined  to  be  15  mA.  According 
to  equation  (6.2),  4  for  the  device  can  be  found  as 

4  =  4  +  4  =  50  pA  +  15  mA  =  15.05  mA 

As  you  can  see,  the  values  of  4  ancl  4  are  approximately  equal  for  the  transistor  in 
Example  6.1. 


6.3.3  DC  Beta 


OBJECTIVES  ► 


dc  beta  (p) 

The  ratio  of  dc  collector  current 
to  dc  base  current. _ 


Lab  Reference:  The  dc  beta  of  a 
transistor  is  determined  using 
measured  current  values  in 
Exercise  6.  _ 


The  dc  beta  (P)  rating  of  a  transistor  is  the  ratio  of  dc  collector  current  to  dc  base  cur¬ 
rent.  By  formula, 


\ 


(6.4) 


This  is  an  extremely  important  rating  because  the  most  common  transistor  circuits  have 
an  input  signal  applied  to  the  base  and  an  output  signal  taken  from  the  collector .  Thus, 
when  the  transistor  is  used  in  these  circuits,  the  dc  beta  rating  of  the  transistor  represents 
the  overall  dc  current  gain  of  the  transistor. 

We  can  use  equations  (6.1)  and  (6.2)  to  define  the  other  terminal  currents.  As  given  in 
equation  (6.1), 

4  =  34 


If  we  combine  this  relationship  with  equation  (6.2),  we  get 

4  =  4  +  4  =  34  +  4 


/B=  125  gA 


Ic  =  P(e 


(3  =  200 


FIGURE  6.12 


/E  =  /c  +  lB 


or 

4  =  4(3  +  l)  (6-5) 

As  Examples  6.2,  6.3,  and  6.4  illustrate,  you  can  use  beta  and  any  one  terminal  current  to 
find  the  other  two  terminal  currents. 

EXAMPLE  6.2 _ _ _ 

Determine  the  values  of  Ic  and  IE  for  the  circuit  shown  in  Figure  6.12. 

Solution :  The  value  of  4  can  t>e  found  as 

4  =  34  =  (200)(125  pA)  =  25  mA 
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and  is  found  as 


4  =  4  +  4  =  25  mA  +  125  jjA  =  25.125  mA 


Practice  Problem  6.2 

A  transistor  has  values  of  IB  =  50  (xA  and  (3  =  400.  Determine  the  values  of  Ic  and 
IE  for  the  device  circuit. 


EXAMPLE  6.3 


Determine  the  values  of  Ic  and  IB  for  the  circuit  shown  in  Figure  6.13. 
Solution:  Equation  (6.5)  can  be  rearranged  to  give  us 


,  _  4  _  15  mA  _  . 

4  ~  „  ,  7  ~  ^Z7~7~7  ~  '4.6  |xA 


+  1  200  +1 


Now,  Ic  can  be  found  as 


4  ~  4  ~  4  =  15  mA  -  74.6  qA  =  14.9  mA 


or 


1  +  3 


/C  =  /E  -  Ig 


3  =  200 


FIGURE  6.13 


l£=  15  mA 


Ic  =  (34  =  (200)(74.6  pA)  =  14.9  mA 


Practice  Problem  6.3 

A  transistor  has  values  of  IE  =  12  mA  and  (3  =  140.  Determine  the  values  of  IB  and 
Ic  for  the  device. 


EXAMPLE  6.4 


Determine  the  values  of  4  and  IE  for  the  circuit  shown  in  Figure  6.14. 
Solution:  The  base  current  can  be  found  as 


,  /c  50  mA  _  . 

'*  “  J  =  AoT  “  125  »*A 


Now  the  emitter  current  can  be  found  as 


4  =  Ic  +  4  =  50  mA  +  125  jxA  =  50.125  mA 


Practice  Problem  6.4 

A  transistor  has  values  of  Ic  =  80  mA  and  (3  =  170.  Determine  the  values  of  IB  and 
IE  for  the  device. 


h 


lc  =  50  mA 


3  =  400 


k  -  rC  +  !b 


FIGURE  6.14 


Because  the  beta  rating  of  a  transistor  is  a  ratio  of  current  values,  it  has  no  unit  of 
measure.  Typical  beta  ratings  can  be  as  high  as  300.  This  means  that  the  typical  transistor 
has  a  dc  collector  current  that  can  be  up  to  300  times  the  value  of  the  dc  base  current 
(when  operated  in  the  active  region). 

There  is  one  point  that  should  be  made  at  this  time:  Transistors  have  both  dc  beta  rat¬ 
ings  and  ac  beta  ratings.  The  ratio  of  dc  collector  current  to  dc  base  current  is  dc  beta, 
while  ac  beta  is  the  ratio  of  ac  collector  current  to  ac  base  current.  We  will  discuss  ac 
beta  and  its  applications  in  Chapter  9. 


Transistors  have  both  dc  and  ac 
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OBJECTIVE  6  ► 


dc  alpha  (a) 

The  ratio  of  dc  collector  current 
to  dc  emitter  current.  Also 
referred  to  as  collector  current 
efficiency. 


k 


FIGURE  6.15  Why  alpha  is 
aLways  less  than  unity. 


6.3.4  DC  Alpha 

The  dc  alpha  (a)  rating  of  a  transistor  is  the  ratio  of  collector  current  to  emitter  current. 
By  formula, 

a  =  y  (6-6) 

*E 

The  alpha  rating  of  a  given  transistor  is  always  less  than  unity  (1).  The  reason  for  this  is 
illustrated  in  Figure  6.15. 

Kirchhoffs  current  law  states  that  the  current  leaving  a  point  (or  component)  must 
equal  the  current  entering  the  point  (or  component).  The  relationship  among  the  three 
transistor  terminal  currents  was  stated  in  equation  (6.2)  as 


Ie  ~  h  +  /c 


Therefore, 


Ic  ~  h.  h< 

Since  Ic  is  always  less  than  IE  (by  an  amount  equal  to  IB),  the  fraction  h'Jh:  must  always 
work  out  to  be  less  than  1 . 

The  alpha  rating  of  a  transistor  is  usually  0.9  or  higher.  Note  that  alpha  (like  beta)  has 
no  units  because  it  is  a  ratio  between  two  current  values.  Equation  (6.6)  can  be  rearranged 
to  give  us  the  following  useful  relationships: 

tc  —  aIE  (6-7) 

\ 

and 


lc 

a 


(6.8) 


Using  these  relationships,  we  can  calculate  base  current  (IB)  as 

Ir  ~  h:  ~  Ic  ~  Ie~ 


or 


4  =  4(1  -  a) 


(6.9) 


6.3.5  The  Relationship  Between  Alpha  and  Beta 

As  you  will  see  later  in  this  chapter,  the  spec  sheet  for  a  given  transistor  lists  the  value  of 
beta  for  the  device,  but  not  the  value  of  alpha.  This  is  because  beta  is  used  far  more  com¬ 
monly  than  alpha  in  transistor  circuit  calculations.  (This  fact  will  become  evident  when 
we  cover  the  dc  and  ac  analyses  of  transistor  circuits.) 

Since  alpha  is  rarely  listed  on  transistor  spec  sheets,  you  should  be  able  to  determine 
its  value  using  the  value  of  beta.  You  can  determine  the  value  of  alpha  using  the  rated 
value  of  beta  with  the  following  equation: 


(3  +  1 


(6.10) 


Example  6.5  illustrates  the  process  of  determining  the  value  of  alpha  when  the  value  of  dc 
beta  is  known.  It  also  demonstrates  the  validity  of  equation  (6.10). 
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EXAMPLE  6.5 


Determine  the  value  of  alpha  for  the  transistor  shown  in  Figure  6.16.  Then,  deter¬ 
mine  the  value  of  Ic  using  both  the  alpha  and  the  beta  ratings  of  the  transistor. 

Solution:  The  beta  rating  is  given  as  300.  Therefore,  the  alpha  rating  is  found  as 


3  300  _ 

“  ’  FTT  =  5oT  “  °"67 


The  value  of  Ic  can  be  found  as 


Ic  =  aIE  =  (0.9967)(30  mA)  =  29.9  mA 


or  Ic  can  be  found  as 

Ic  =  34  =  (300)(100  p.A)  =  30.0  mA 

The  two  values  of  Ic  are  close  enough  to  each  other  to  validate  both  methods  of  cal¬ 
culating  Ic. 


IB  =  100  pA 


|3  =  300 


lE=  30  mA 


FIGURE  6.16 


Practice  Problem  6.5 

A  transistor  has  the  following  values:  |3  =  349,  IE  =  350  mA,  and  IB  =  1  mA. 
Determine  the  value  of  a  for  the  device.  Then,  calculate  the  value  of  Ic  using  both 
a  and  (3.  How  do  the  two  values  of  Ic  compare? 


6.3.6  Maximum  Current  Ratings 

Most  transistor  spec  sheets  list  maximum  collector  current  ratings  for  both  saturation  and  ◄  OBJECTIVE  7 
cutoff.  When  the  transistor  is  saturated,  the  collector  current  can  go  as  high  as  several 
hundred  milliamperes.  High-power  transistors  typically  have  current  ratings  as  high  as 
several  amperes. 

The  maximum  allowable  base  current  for  a  given  transistor  can  be  found  by  dividing 
its  maximum  Ic  value  by  its  maximum  dc  beta  rating.  By  formula, 

j  _  AC  i  max ) ' 

i&fcaoO  ~  (6.11) 

Pmax 

Example  6.6  demonstrates  the  use  of  this  equation. 

EXAMPLE  6.6  _  _ 

The  transistor  shown  in  Figure  6.17  has  the  following  ratings:  /C(max)  =  500  mA 
and  Pmax  =  300.  Determine  the  maximum  allowable  value  of  IB  for  the  device. 


A  Practical  Consideration: 

The  beta  rating  of  a  transistor  is 
usually  listed  as  a  range  of 
values  on  the  device  spec  sheet. 
Dealing  with  beta  ranges  is 


B( max)  : 


C(max) 


^C(max) 

^C( max)  =  500  mA 
Pmax  ~  300 


FIGURE  6.17 
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Solution:  Using  the  ratings  given,  the  value  of  /B(max)  is  found  as 


If  the  base  current  is  allowed  to  exceed  1 .67  mA  for  the  transistor  shown,  the  col¬ 
lector  current  may  exceed  its  maximum  rating  of  500  mA,  and  the  transistor  will 
probably  be  destroyed. 

Practice  Problem  6.6 

A  transistor  has  ratings  of  /C( maX)  =  1  A  and  (3max  =  120.  Determine  the  value  of 
4( max)  for  the  device.  _ 

Transistors  also  have  maximum  cutoff  current  ratings.  These  ratings  are  usually  in  the  low- 
nanoampere  range  and  are  specified  for  exact  values  of  VCE  and  reverse  VBE.  It  was  stated 
earlier  that  the  2N3904  has  a  maximum  cutoff  current  rating  of  50  nA  when  the  reverse  value 
of  VBE  is  3  V  and  the  value  of  VCE  is  40  V.  These  values  are  illustrated  in  Figure  6.18. 


/c=  50  nA  (maximum) 


FIGURE  6.18 

6.3.7  Transistor  Voltage  Ratings 

OBJECTIVE  8  ►  Most  transistor  spec  sheets  list  a  maximum  value  of  collector-base  voltage  ( VCB ).  This 
rating  indicates  the  maximum  amount  of  reverse  bias  that  can  be  applied  to  the  collector- 
base  junction  without  damaging  the  transistor.  This  rating  is  important  because  the 
collector-base  junction  is  reverse  biased  for  active  region  operation,  as  shown  in  Figure 
6.19.  In  this  circuit,  VCE  is  40  V  and  VBE  is  0.75  V.  The  value  of  VCB  is  equal  to  the  dif¬ 
ference  between  the  other  two  voltages:  39.25  V.  If  this  voltage  exceeds  the  VCB  rating  of 
the  transistor,  the  component  will  probably  be  destroyed. 


FIGURE  6.19  Collector-base  junction  biasing. 

Every  transistor  has  three  breakdown  voltage  ratings.  These  ratings  indicate  the 
maximum  reverse  voltages  that  the  transistor  can  withstand.  For  the  2N3904,  these  volt¬ 
age  ratings  are  as  follows: 


Rating 

Value  (Vdc) 

Vcbo 

60 

V CEO 

40 

Vebo 

6 
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These  voltages  are  illustrated  in  Figure  6.20.  If  any  of  these  reverse  voltage  ratings  are 
exceeded,  the  transistor  may  not  survive  the  experience. 


Collector  9 
open 


—  6  V 

TT 


vBEO 


FIGURE  6.20  BJT  breakdown  voltage  ratings. 


VCBO 


Emitter 
o  open 


A  Practical  Consideration: 

The  “O”  in  the  VCEO,  VEBCh  and 
VCbo  ratings  indicates  that  the 
third  terminal  is  open  when  the 
rating  is  measured.  For 
exan^4e,  VE80  is  measured 
with  die  collector  terminal 
engines  that 


There  are  many  transistor  ratings  that  have  not  been  covered  in  this  section.  These  rat¬ 
ings  include  junction  capacitance,  maximum  power  dissipation,  frequency  limitations, 
operating  temperature  ranges,  and  others.  All  these  ratings  will  be  covered  as  they  are 
needed  in  future  chapters. 


1.  What  is  meant  by  the  term  current-controlled  device ?  -4  Section  Review 

2.  What  is  meant  by  the  term  current  gain ? 

3.  What  symbol  is  commonly  used  to  represent  dc  current  gain? 

4.  Under  normal  circumstances,  what  is  the  relationship  between: 

a.  Base  current  and  collector  current? 

b.  Collector  current  and  emitter  current? 

5.  What  is  dc  beta ? 

6.  Why  doesn’t  beta  have  any  units  of  measure? 

7.  What  are  the  two  types  of  beta  ratings? 

8.  What  is  dc  alpha ? 

\ 

9.  What  is  the  limit  on  the  value  of  alpha? 

10.  Between  beta  and  alpha,  which  rating  is  used  more  commonly? 

11.  Why  do  you  need  to  be  able  to  determine  the  value  of  alpha  using  the  value  of  beta? 

How  is  this  determination  made? 

12.  What  are  the  commonly  used  transistor  voltage  ratings? 

13.  What  will  happen  if  any  of  the  reverse  voltage  ratings  of  a  transistor  are  exceeded? 

14.  Equation  (6.10)  defines  alpha  (a)  in  terms  of  beta  (3).  Why  wouldn’t  we  be  inter-  ◄  Critical  Thinking 
ested  in  an  equation  defining  beta  (3)  in  terms  of  alpha  (a)? 


6.4  Transistor  Characteristic  Curves 


In  this  section,  we  are  going  to  take  a  look  at  three  characteristic  curves  that  illustrate  the  ◄  OBJECTIVE  9 
operation  of  the  transistor.  We  will  start  by  looking  at  the  collector  and  base  curves. 

(There  is  no  need  for  an  emitter  curve  since  its  current  characteristics  are  the  same  as 
those  of  the  collector.)  We  will  also  take  a  look  at  the  beta  curve,  which  shows  the  rela¬ 
tionship  among  beta,  Ic,  and  temperature. 


6.4.1  Collector  Curves 

The  collector  characteristic  curve  illustrates  the  relationship  among  Ic,  lB,  and  VCE.  Each 
collector  curve  is  derived  for  a  specified  value  of  IB.  Two  such  curves  are  shown  in  Figure 
6.21.  The  upper  curve  represents  the  relationship  between  Ic  and  VCE  when  IB  =  100  p,A. 


Collector  characteristic  curve 

Relates  the  values  of  lc,  lB,  and 
Ice- 
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FIGURE  6.21 


Breakdown 


The  lower  curve  represents  the  relationship  between  Ic  and  VCE  when  IB  —  0  |xA.  Note  that 
the  1B  =  0  pA  line  represents  the  operation  of  the  transistor  when  it  is  in  cutoff. 

As  you  can  see,  a  collector  curve  is  divided  into  three  parts.  The  portion  of  the  curve 
that  lies  below  the  knee  voltage  (V^)  represents  the  saturation  characteristics  of  the 
device.  The  portion  of  the  curve  between  VK  and  the  breakdown  voltage  (V hr)  represents 
the  characteristics  of  the  device  for  its  active  region  of  operation.  The  portion  of  the  curve 
to  the  right  of  VBR  represents  the  characteristics  of  the  device  when  driven  into 
breakdown.  To  help  you  understand  each  portion  of  the  characteristic  curve  better,  we 
will  discuss  the  operation  of  the  circuit  shown  in  Figure  6.22.  (We  will  assume  that  the 
collector  curve  in  Figure  6.21  applies  to  the  transistor  in  this  circuit.) 


vcc 

+10  V 


FIGURE  6.22 


Earlier  in  the  chapter,  you  were  told  that  both  junctions  in  a  saturated  transistor  are 
forward  biased.  You  were  also  told  that  the  collector  current  is  limited  by  the  components 
external  to  the  transistor.  Now,  consider  the  circuit  in  Figure  6.22.  According  to  Kirch- 
hoff’s  voltage  law,  the  value  of  VCE  for  this  circuit  must  equal  the  difference  between  Vcc 
and  the  voltage  across  the  collector  resistor;  that  is, 

VCE  =  V’cc  ~  VRC  (6.12) 

Substituting  ICRC  for  VRC,  we  get 

Vcn  =  Vcc  ~  hRc  (6.13) 
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The  input  to  the  base  of  the  transistor  is  shown  as  IB  =  100  |xA,  the  value  of  Rc  is  970  il, 
and  beta  is  100.  These  values  give  us  the  following  output  values: 

Ic  =  0/s  =  (100K100  jxA)  =  10  raA 


and 


VCe  =  Vcc  ~  lcRc  =  10  V  -  (10  mA)(970  ft)  =  10  V  -  9.7  V  =  0.3  V 


Now,  let’s  relate  these  values  to  the  transistor  shown  in  Figure  6.23.  As  you  can  see,  the 
value  of  VCE  =  0.3  V.  If  we  assume  that  the  transistor  has  a  value  of  VBE  —  0.75  V,  we  get 
the  voltages  shown  in  the  figure.  The  -0.45  V  value  of  VCb  equals  the  difference  between 
the  VBE  and  VCE.  In  this  case,  the  collector-base  junction  is  forward  biased,  as  is  the  base- 
emitter  junction.  These  are  characteristics  of  a  transistor  in  saturation. 


n 


n 


FIGURE  6.23 

Most  linear  amplifiers  make  use  of  the  active  region  of  transistor  operation.  Figure 
6.21  indicates  that  lc  is  determined  by  the  values  of  IB  and  beta  and  is  relatively  indepen¬ 
dent  of  the  value  of  VCE  when  a  transistor  is  operating  in  its  active  region.  There  is  little 
change  in  the  value  Ic  when  VCE  increases  from  VK  to  Vfm- 

Changing  the  value  of  Rc  to  400  ft  in  Figure  6.22  gives  us  the  following  conditions: 

Ic  =  (SJB  =  (100X100  |xA)  =  10  mA 
and 


VCE  =  Vcc  -  ICRC  =  10  V  -  (10  mA)(4(X)  ft)  =  6  V 


As  you  can  see,  changing  the  value  of  Rc  has  not  affected  the  value  of  Ic.  However,  it  has 
caused  the  value  of  VCE  to  change  from  0.3  to  6  V.  This  demonstrates  the  fact  that  Ic  is 
not  controlled  by  the  value  of  VCE  when  a  transistor  is  operated  in  its  active  region.  The 
value  of  Ic  varies  primarily  as  a  result  of  changes  in  IB  or  beta. 

Figure  6.24  shows  what  happens  when  the  value  of  IB  is  increased  to  150  pA.  With 
beta  held  constant  at  100,  the  value  of  Ic  increases  proportionately  with  the  increase  in  IB. 
This  change  in  Ic  is  still  relatively  independent  of  changes  in  VCE. 

Transistor  breakdown  occurs  when  the  value  of  VCE  exceeds  the  breakdown  voltage 
rating  of  the  transistor.  The  value  of  Ic  increases  dramatically  until  the  transistor  is 
destroyed  by  the  excessive  heat  that  results  from  the  increase  in  current. 

When  several  IB  versus  Ic  curves  are  plotted  for  a  given  transistor,  a  composite  graph 
similar  to  the  one  in  Figure  6.25  is  created.  The  graph  shows  the  collector  currents  pro¬ 
duced  by  fixed  values  of  1B  for  the  transistor. 

6.4.2  Base  Curves 

The  base  curve  of  a  transistor  plots  /s  as  a  function  of  VBE,  as  shown  in  Figure  6.26. 
Note  that  this  curve  closely  resembles  the  forward  operating  curve  of  a  typical 
p/z-j  unction  diode. 


A  Practical  Consideration: 
lc  increases  slightly  when  VCE 
increases  over  its  entire  range. 

In  most  cases,  the  change  in  lc 
is  small  enough  to  idealize  to 
zero.  However,  collector  «  i  g| 
currents  in.  high-power 
transistors  can  increase  by  as 


Most  collector  characteristic 


Base  curve 
A  curve  illustrating  the 
relationship  between  lB  and  VBE. 


Section  6.4  Transistor  Characteristic  Curves 


219 


Lab  Reference:  A  composite  of 
collector  curves  is  developed  using 
measured  values  in  Exercise  6. 
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Beta  curve 
A  curve  that  shows  the 
relationship  between  beta  and 
temperature  and/or  collector 
current. 


FIGURE  6.24  The  effect  of  changing  IB  on  a  collector  characteristic  curve. 


Ic 


FIGURE  6.25  A  composite  of  collector  characteristic  curves  for  a  BJT. 

6.4.3  Beta  Curves 

Beta  curves  show  how  the  value  of  dc  beta  varies  with  both  temperature  and  dc  collector 
current.  This  point  is  illustrated  in  Figure  6.27.  As  you  can  see,  the  value  of  beta  is  greater 
at  T  —  100°C  than  it  is  at  25  °C.  Also,  beta  increases  (up  to  a  point)  for  increases  in  the  dc 
value  of  Ic.  However,  when  Ic  increases  beyond  a  certain  value,  beta  starts  to  decrease. 

The  spec  sheet  for  the  2N3904  transistor  lists  the  following  minimum  beta  values, 
each  measured  at  the  indicated  value  of  Ic\ 


Minimum  Beta  dc  Collector  Current 


40 

Ic  =  0. 1  mA 

70 

I c  =  1.0  mA 

100 

Ic  =  10  mA 

60 

Ic  =  50  mA 

30 

Ic  =  100  mA 

As  you  can  see,  the  value  of  beta  increases  as  Ic  is  increased  to  10  mA.  However,  as  Ic 
increases  above  10  mA,  the  value  of  beta  begins  to  decrease.  This  goes  along  with  the 
curves  shown  in  Figure  6.27. 
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FIGURE  6.26  A  base  characteristic  FIGURE  6.27  The  relationship  among  beta,  Ic, 

curve.  and  temperature. 


1.  What  does  the  saturation  region  represent  on  the  transistor  collector  curve?  ◄  Section  Review 

2.  What  does  the  active  region  represent  on  the  transistor  collector  curve? 

3.  Does  the  value  of  Ic  depend  on  the  value  of  VCE1  Explain  your  answer. 

4.  What  happens  when  a  transistor  is  operated  in  its  breakdown  region? 

5.  The  base  curve  in  Figure  6.26  indicates  that  the  base-emitter  junction  of  a  transistor 
acts  like  what  component?  Explain  your  answer. 

6.  What  is  the  relationship  between  beta  and  temperature? 

7.  What  is  the  relationship  between  beta  and  dc  collector  current? 


6.5  Transistor  Specification  Sheets 


The  spec  sheet  for  a  given  transistor  contains  a  wide  variety  of  dc  and  ac  operating  char¬ 
acteristics.  In  this  section,  we  will  look  at  some  of  the  commonly  used  dc  maximum  rat¬ 
ings  and  electrical  characteristics.  In  Chapter  9,  we  will  look  at  the  commonly  used  ac 
characteristics  and  operating  curves.  For  our  discussion  on  the  transistor  dc  ratings,  we 
will  use  the  spec  sheet  for  the  2N3903/2N3904  transistors  shown  in  Figure  6.28. 

6.5.1  Maximum  Ratings 

You  have  already  been  introduced  to  many  of  the  maximum  ratings  listed  in  Figure  6.28. 

The  VCE0,  VCBch  and  VEB0  ratings  are  the  maximum  reverse  voltage  ratings  that  we  dis¬ 
cussed  in  the  last  section.  The  Ic  rating  is  the  maximum  allowable  continuous  value  of  Ic, 
or  200  mA  in  this  case. 

The  total  device  dissipation  (PD)  rating  of  the  transistor  is  the  same  type  of  rating  that 
is  used  for  the  zener  diode  and  pn-junction  diode.  As  the  spec  sheet  shows,  the  2N3904 
has  a  PD  rating  of  625  mW  when  the  ambient  (or  room)  temperature  (TA)  is  25°C.  If  the 
case  temperature  (Tc)  is  held  to  25°C,  the  device  PD  rating  increases  to  1.5  W.  Note  that 
the  case  temperature  can  be  held  to  25°C  by  fan  cooling  or  through  the  use  of  a  heat  sink. 

As  always,  both  ratings  must  be  derated  as  temperature  increases. 

6.5.2  Thermal  Characteristics 

Transistor  thermal  ratings  are  used  primarily  in  circuit  development  applications,  so  we  ◄  OBJECTIVE  1 1 
will  not  discuss  them  in  depth.  However,  you  should  be  aware  of  these  ratings  and  their 
implications. 

Just  as  materials  provide  opposition  to  the  flow  of  charge,  they  also  provide  opposition 
to  the  flow  of  heat  (power  dissipation).  The  opposition  of  any  device  to  the  flow  of  heat 
(power  dissipation)  is  called  its  thermal  resistance  (R6). 


Thermal  resistance  (/J9) 

Any  opposition  to  the  flow  of 
heat  (power  dissipation). 
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2N3903,  2N3904 

2N3903  is  a  Preferred  Device 

General  Purpose 
Transistors 

NPN  Silicon 


http://onsemi.com 


MAXIMUM  RATINGS 


Rating 

Syrnbo1 

Value 

Unit 

Collector-Emitter  Voltage 

VcEO 

40 

Vdc 

Collector-Base  Voltage 

VCBO 

60 

Vdc 

Emitter-Base  Voltage 

Vebo 

6.0 

Vdc 

Collector  Current  -  Continuous 

'c 

200 

mAdc 

Total  Device  Dissipation 
@  TA  =  25°C 

Pd 

625 

mW 

Derate  above  25°C 

5.0 

mW/°C 

Total  Device  Dissipation 
@  Tq  =  25°C 

Pd 

1.5 

Watts 

Derate  above  25°C 

12 

mW/°C 

Operating  and  Storage  Junction 

Tj.  Tstg 

-55  to 

°C 

Temperature  Range 

+150 

THERMAL  CHARACTERISTICS  (Note  t.) 


Characteristic 

Symbol 

Max 

1ES31 

Thermal  Resistance, 

Junction  to  Ambient 

rbja 

200 

“C/W 

Thermal  Resistance, 

Junction  to  Case 

R8JC 

83.3 

°C/W 

1 .  Indicates  Data  in  addition  to  JEDEC  Requirements. 


TO-92 
CASE  29 
STYLE  1 


MARKING  DIAGRAMS 


2N 

3903 

YWW 


r  >k 
2N 
3904 
YWW 


Y  =  Year 

WW  =  Work  Week 


ELECTRICAL  CHARACTERISTICS  (TA  =  25°C  unless  otherwise  noted) 


|  Symbol  |  Mtn  |  Max  |  Unit  j 


_ 


OFF  CHARACTERISTICS 


Collector-Emitter  Breakdown  Voltage  (Note  2.)  (lc  =  10  mAdc,  Ib  =  0) 

V(BR)CEO 

40 

- 

Vdc 

Collector-Base  Breakdown  Voltage  (lc  =  10  pAdc,  =  0) 

v(BR)CBO 

60 

- 

Vdc 

Emitter-Base  Breakdown  Voltage  (lg  =  10  nAdc,  lc  =  0) 

v(BR)EBO 

6.0 

- 

Vdc 

Base  Cutoff  Current  (Vce  =  30  Vdc,  Veb  =  3.0  Vdc) 

jBL 

- 

50 

nAdc 

Collector  Cutoff  Current  (Vce  =  30  Vdc,  V^b  =  3.0  Vdc) 

*CEX 

- 

50 

nAdc 

ON  CHARACTERISTICS 


DC  Current  Gain  (Note  2.) 

hFE 

- 

(1C  =  0.1  mAdc,  Vce  =  10  Vdc) 

2N3903 

20 

- 

2N3904 

40 

- 

(!C  =  1.0  mAdc,  Vce  =  1  0  Vdc) 

2N3903  1 

35 

- 

2N3904 

70 

- 

(lc  =  1 0  mAdc,  Vce  =  1*0  Vdc) 

2N3903 

50 

150 

2  N 3904 

100 

300 

(lc  =  50  mAdc,  Vce  =  1  0  Vdc) 

2N3903 

30 

- 

2N3904 

60 

- 

(1C  =  100  mAdc,  Vce  ~  10  Vdc) 

2N3903 

15 

- 

2N3904 

30 

Collector-Emitter  Saturation  Voltage  (Note  2.) 

VcE(sat) 

I 

Vdc 

(lc  =  10  mAdc,  Ib  =  10  mAdc) 

- 

(1C  =  50  mAdc,  Ib  =  5.0  mAdc 

- 

Base-Emitter  Saturation  Voltage  (Note  2.) 

VBE(sat) 

Vdc 

(lc  =  10  mAdc,  Ib  =  1.0  mAdc) 

0.65 

0.85 

(1C  =  50  mAdc,  Ib  =  5.0  mAdc) 

— 

0.95 

FIGURE  6.28  The  2N3903/3904  specification  sheet.  (Copyright  of  Semiconductor 
Component  Industries,  LLC.  Used  by  permission.) 
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The  concept  of  thermal  resistance  can  be  illustrated  as  shown  in  Figure  6.29.  Here,  we 
have  a  heat  source  that  is  surrounded  by  a  material.  As  the  heat  leaves  the  source,  it  must 
pass  through  the  material  to  reach  the  air.  If  the  material  had  no  thermal  resistance,  the 
heat  source  and  the  outer  surface  of  the  material  would  be  at  the  same  temperature.  In 
other  words,  the  temperature  differential  between  the  heat  source  and  the  outer  surface  of 
the  material  would  be  approximately  0°C.  However,  since  all  materials  provide  some 
opposition  to  the  flow  of  heat,  the  temperature  of  the  heat  source  will  be  greater  than  the 
temperature  at  the  outer  surface  of  the  material.  The  temperature  differential  between  the 
heat  source  and  the  surrounding  air  depends  on: 

1.  The  thermal  resistance  of  the  material. 

2.  The  amount  of  power  being  transferred. 


Thermal  resistance  is  measured  in  degrees  Celsius  per  watt  (°C/W),  which  is  consis¬ 
tent  with  our  description  of  thermal  resistance.  For  example,  the  thermal  resistance  of  an 
ideal  conductor  of  heat  would  be  0°C/W,  meaning  that  there  would  be  no  temperature 
differential  across  the  material,  regardless  of  the  amount  of  power  being  dissipated.  On 
the  other  hand,  the  thermal  resistance  of  the  2N3904  (from  junction  to  ambient)  is 
200°C/W  (as  shown  in  Figure  6.28).  This  means  that  the  temperature  of  the  transistor 
collector-base  junction  is  200° C  higher  than  the  surrounding  air  when  the  device  is  dissi¬ 
pating  1  W. 

The  temperature  differential  between  two  points  can  be  found  as  the  product  of  ther¬ 
mal  resistance  and  power  dissipation.  For  example,  if  a  2N3904  is  dissipating  0.5  W,  the 
difference  in  temperature  between  the  collector-base  junction  and  the  surrounding  air 
(T,a)  can  be  found  as 

TjA  =  R6jAPd  =  (200°CAV)(500  mW)  =  100°C 


If  the  surrounding  air  is  at  25°C,  then  the  collector-base  junction  temperature  of  the 
device  is  found  as 


Tj=Ta  +  Tja  =  25°C  +  100°C  =  125°C 

Note  that  the  junction  temperature  equals  the  sum  of  the  ambient  temperature  ( TA )  and 
the  temperature  differential  (TJA). 

The  various  temperature  and  power  ratings  of  a  transistor  are  related  to  each  other 
because  each  is  determined  by  the  physical  characteristics  of  the  device.  The  relationship 
among  the  various  temperature  and  power  ratings  can  be  demonstrated  using  the  follow¬ 
ing  2N3904  ratings: 

Pn  =  625  mW  (maximum)  R^JA  =  200°C/W  Tj  =  150°C  (maximum) 
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Note  that  the  power  dissipation  rating  assumes  an  ambient  temperature  of  25°C. 
Based  on  a  maximum  power  dissipation  of  625  mW,  the  maximum  temperature  dif¬ 
ferential  between  the  collector-base  junction  and  the  surrounding  air  (TJA)  can  be 
found  as 


Tm  =  (R&ja)(Pd)  =  (200°C/W)(625  mW)  =  125°C 


Adding  this  value  to  the  ambient  temperature  listed  in  the  ratings  (25°C),  we  get  a  maxi¬ 
mum  junction  temperature  of 

Tj  =  Ta  +  Tja  =  25°C  +  125°C  =  150°C 

which  is  the  rated  maximum  temperature  for  the  device. 

Thermal  resistance  is  a  part  of  any  circuit  design  involving  high  component  power  dis¬ 
sipation  and/or  high  operating  temperatures.  Most  often,  it  is  used  in  determining  the  type 
of  component  cooling  required  for  a  given  device  in  a  specified  application. 


6.5.3  Off  Characteristics 


Off  characteristics 

The  characteristics  of  a 
transistor  that  is  in  cutoff. 


Collector  cutoff  current  ( Icex ) 
The  maximum  value  of  lc 
through  a  cutoff  transistor. 

Base  cutoff  current  (Im) 

The  maximum  amount  of 
current  through  a  reverse-biased 
emitter-base  junction. 


The  off  characteristics  describe  the  operation  of  the  transistor  when  it  is  operated  in 
cutoff.  The  first  three  ratings,  V(BR)CEo .  V(br>cbo>  and  V(BR)EBO,  are  the  same  ratings  that 
appeared  in  the  maximum  ratings  listing.  They  are  repeated  in  this  table  for  the  conve¬ 
nience  of  the  technician  or  engineer  who  must  rapidly  find  the  ratings. 

The  collector  cutoff  current  ( ICex )  rating  indicates  the  maximum  value  of  Ic  when 
the  device  is  in  cutoff.  For  the  2N3904,  ICEX  is  50  nA. 

The  base  cutoff  current  (IBL)  rating  indicates  the  maximum  amount  of  base  current 
present  when  the  emitter-base  junction  is  in  cutoff.  For  the  2N3904,  IBL  is  a  maximum  of 
50  nA. 

As  the  IBL  and  ICEX  ratings  indicate,  the  terminal  currents  of  a  cutoff  transistor  are 
extremely  low.  In  the  case  of  the  2N3904,  IB  and  Ic  each  have  a  maximum  value  of 
50  nA.  The  value  of  IE  can  be  no  greater  than  the  sum  of  the  two,  or  100  nA. 


6.5.4  On  Characteristics 


On  characteristics 

The  characteristics  of  a 
transistor  that  is  in  either  the 
active  or  saturation  region  of 
operation. 

dc  current  gain  (hFE) 

The  label  that  is  commonly 
used  to  represent  dc  beta. 
Collector-emitter  saturation 
voltage  (VCE(sal)) 

The  rated  value  of  VCE  when 
the  transistor  is  in  saturation. 

Base-emitter  saturation 
voltage  (VBE,  sat)) 

The  rated  value  of  VBE  when  the 
transistor  is  in  saturation. 


The  on  characteristics  describe  the  dc  operating  characteristics  for  both  the  active  and 
saturation  regions  of  operation. 

The  dc  current  gain  {hFE)  rating  of  the  transistor  is  the  value  of  dc  beta.  Note  that  the 
label  hFE  is  normally  used  to  represent  dc  beta,  so  we  will  be  using  this  label  in  all  our 
discussions  from  now  on.  The  basis  of  this  label  is  discussed  in  Chapter  9.  For  now,  just 
remember  that  hFE  is  the  label  commonly  used  to  represent  dc  beta. 

As  you  can  see,  the  values  of  hFE  are  measured  at  different  values  of  Ic.  This  is  consis¬ 
tent  with  the  discussion  we  had  earlier  on  beta  versus  collector  current. 

The  collector-emitter  saturation  voltage  (VCE{sal))  rating  is  self-explanatory.  It  is  the 
rated  value  of  VCE  when  the  transistor  is  operated  in  saturation.  The  2N3904  spec  sheet 
lists  values  of  VC£(sat)  =  0-2  V  (maximum)  when  Ic  =  10  mA  and  of  VCF(vAt)  =  0.3  (maxi¬ 
mum)  when  Ic  =  50  mA.  Other  spec  sheets  may  list  minimum  and  maximum  values  of 
VC£(sat)>  providing  a  range  of  values. 

The  base-emitter  saturation  voltage  (VB£(sat))  rating  is  also  self-explanatory.  It  is  the 
rated  value  of  VBE  when  the  transistor  is  operated  in  saturation.  For  the  2N3904,  the  value 
of  VB£(sat)  has  a  range  of  0.65  to  0.85  V  when  IB  =  1  mA  and  a  maximum  value  of  0.95  V 
when  IB  —  5  mA.  As  shown  in  the  2N3904  spec  sheet,  VBE(SM)  is  normally  given  as  a 
range  of  values,  or  a  maximum  value. 

There  are  many  other  commonly  used  transistor  specifications.  However,  these  specifi¬ 
cations  deal  mainly  with  the  ac  operation  of  the  device.  We  will  cover  these  specs  when 
we  cover  transistor  ac  operation  in  Chapter  9. 
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◄  Section  Review 


1.  What  do  the  off  characteristics  of  a  transistor  indicate? 

2.  What  is  base  cutoff  current'! 

3.  What  is  collector  cutoff  current! 

4.  What  do  the  on  characteristics  of  a  transistor  indicate? 

5.  What  label  is  commonly  used  to  represent  dc  beta? 

6.  What  is  collector-emitter  saturation  voltage ? 

7.  What  is  base-emitter  saturation  voltage ? 


6.6  Transistor  Testing 


You  may  recall  that  a  diode  can  be  tested  using  an  ohmmeter.  The  transistor  can  be  M  OBJECTIVE  12 
checked  in  the  same  basic  fashion;  however,  the  BJT  contains  more  than  one  junction  that 
must  be  tested. 


npn 

Forward  resistance  check  of  the  emitter-base  junction 
(a) 


npn 

Reverse  resistance  check  of  the  emitter-base  junction 
(b) 

FIGURE  6.30  Transistor  resistance  checks. 


Note:  Typical  reverse  resistance 
for  a  good  transistor  junction 
results  in  an  “out  of  range” 
indication  on  the  meter. 
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Transistor  testing  with  an  ohmmeter  is  illustrated  in  Figure  6.30.  When  connected  as 
shown  in  Figure  6.30a,  the  DMM  should  read  a  low  forward  resistance,  typically  less 
than  1  kfl.  When  connected  as  shown  in  Figure  6.30b,  the  DMM  should  read  an 
extremely  high  reverse  resistance,  typically  high  enough  to  result  in  an  “out  of  range” 
indication  on  the  meter.  If  these  tests  show  the  emitter-base  junction  to  be  good,  the 
collector-base  junction  is  tested  in  the  same  fashion.  The  collector-base  junction  tests 
should  yield  the  same  results  as  those  for  the  emitter-base  junction.  Finally,  the  resistance 
from  collector-to-emitter  should  be  measured.  Regardless  of  the  polarity  of  the  meter,  this 
resistance  should  be  too  high  to  measure.  If  the  transistor  passes  all  these  tests,  it  proba¬ 
bly  is  good.  If  not,  it  probably  is  faulty  and  must  be  replaced. 

The  diode  test  function  of  a  DMM  can  also  be  used  to  test  a  transistor,  as  illustrated  in 
Figure  6.3 1 .  When  forward  biased,  each  junction  should  provide  a  reading  of  0.7  V  (typi¬ 
cal).  When  reverse  biased,  each  should  provide  a  reading  between  2.0  and  3.0  V,  depend¬ 
ing  on  the  meter.  The  collector-to-emitter  test  (in  either  direction)  should  also  provide  a 
reverse  reading.  If  the  transistor  fails  any  test,  the  component  must  be  replaced. 


npn 

Forward  bias  check  of  the  emitter-base  junction 


mawnmrunr 

* 

n*s*m*m 

200 

2k  20k  200k 

if! 

Hi 
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HSI1 

npn 


Reverse  bias  check  of  the  emitter-base  junction 


(a)  (b) 

FIGURE  6,31  Using  the  diode  test  function  of  a  DMM  to  test  a  transistor  junction. 
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1.  Describe  the  readings  you  should  obtain  when  measuring  the  forward  and  reverse 
resistances  of  either  transistor  junction. 

2.  List  the  six  resistance  checks  that  are  required  to  verify  that  a  transistor  is  good. 

3.  List  the  precautions  that  must  be  taken  when  checking  a  transistor  with  an  ohmmeter. 
(These  precautions  can  be  found  in  Section  2.10.) 

4.  Describe  the  readings  you  should  obtain  when  using  the  diode  test  function  of  a 
DMM  to  test  either  junction  of  a  transistor. 


Related  Topics 


In  this  section,  we  will  wrap  up  the  chapter  by  briefly  discussing  some  topics  that  do  not 
really  fit  into  any  of  the  previous  sections. 


6.7.1  pnp  Versus  npn  Transistors 

How  do  pnp  and  npn  transistors  The  pnp  transistor  has  the  same  basic  operating  characteristics  as  the  npn  transistor.  The 

, liMer? _ _ _  primary  differences  are  found  in  the  polarities  of  the  typical  circuit  voltages  and  the  direc¬ 

tions  of  the  terminal  currents.  These  differences  are  illustrated  in  Figure  6.32.  As  you  can 
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see,  the  supply  voltages  ( Vcc  and  VBB)  are  negative.  The  currents  from  these  supplies 
enter  the  transistor  as  shown  in  Figure  6.32a  and  exit  the  component  via  its  emitter  termi¬ 
nal.  As  shown  in  Figure  6.32b,  the  transistor  terminal  voltages  in  the  pnp  circuit  are  nega¬ 
tive  (with  respect  to  ground). 


FIGURE  6.32  pnp  Voltage  polarities  and  current  directions. 

6.7.2  Supply  Voltages 

Throughout  the  chapter,  Vcc  and  VBB  have  been  represented  as  dc  voltage  sources  in  the 
circuit  diagrams.  In  practice,  the  biasing  voltages  for  transistor  circuits  are  usually 
derived  from  the  dc  power  supply  of  an  electronic  system.  This  point  is  illustrated  in 
Figure  6.33. 


Vcc 


Ground 


FIGURE  6.33 


In  the  circuit  shown,  the  (+)  and  (— )  outputs  from  the  dc  power  supply  are  used  as 
Vcc  and  ground,  respectively.  Note  that  the  output  from  the  dc  power  supply  would  be 
used  to  bias  a  variety  of  other  circuits  as  well.  Figure  6.33  has  been  limited  to  one  transis¬ 
tor  circuit  for  the  sake  of  simplicity. 

A  few  more  points  should  be  made:  First,  the  value  of  VBB  in  Figure  6.33  is  developed 
by  the  combination  of  Vcc,  RB,  and  the  transistor  itself.  In  most  practical  circuits,  VBB  is 
actually  drawn  from  the  collector  power  supply,  Vcc.  This  point  will  be  made  clear 
throughout  Chapter  7  when  we  cover  dc  biasing  circuits.  Second,  pnp  transistors  are 
used  in  systems  that  have  negative  dc  power  supplies.  There  are  some  cases  where  pnp 
transistors  are  used  in  systems  with  positive  dc  power  supplies,  but  they  are  used  mainly 
in  negative-supply  systems. 


[  How  are  transistor  biasing 
voltages  normally  providedin 


Ira&sL 


— _ 


_ i 


6.7.3  Integrated  Transistors 

Integrated  transistors  come  in  packages  that  house  more  than  one  transistor  in  inte¬ 
grated  form.  You  may  recall  that  ICs  contain  more  than  one  device  in  a  single  casing. 
Figure  6.34  shows  a  typical  IC  transistor  casing.  Note  that  the  package  contains  four  indi¬ 
vidual  transistors. 


◄  OBJECTIVE  13 

Integrated  transistor 

An  1C  that  contains  two  or 
more  transistors  with  identical 
characteristics. 
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Discrete 

A  term  used  to  describe  devices 
packaged  in  individual  casings. 


OBJECTIVE  14  ► 

High-voltage  transistor 
A  BJT  with  a  high  reverse 
breakdown  voltage  rating. 


High-current  transistor 

A  BJT  with  a  high  maximum  Ic 
rating. 


High-power  transistor 
A  BJT  with  a  high  power 
dissipation  rating. 


OBJECTIVE  15  ► 


FIGURE  6.34 


Each  transistor  in  an  IC  (like  the  one  shown)  has  the  same  types  of  maximum  ratings 
and  electrical  characteristics  as  individual  (or  discrete)  transistors.  The  primary  difference 
is  that  integrated  transistors  have  lower  maximum  power  and  maximum  current  ratings  than 
their  discrete  component  counterparts.  Because  each  IC  contains  four  transistors,  a  lower 
limit  must  be  placed  on  the  heat  generated  by  each  transistor. 

6.7.4  High-Voltage  Transistors 

High-voltage  transistors  have  unusually  high  reverse  breakdown  voltage  ratings.  For 
example,  the  maximum  ratings  for  the  2N5655  are  shown  in  Figure  6.35.  Note  that  the 
VCE0  and  VCb  ratings  are  significantly  greater  than  the  comparable  ratings  for  the 
2N3904.  High-voltage  transistors  are  used  in  circuits  that  have  high  supply  voltages,  such 
as  television  and  computer  CRT  (cathode  ray  tube)  circuits. 

6.7.5  High-Current  Transistors 

High-current  transistors  have  very  high  maximum  Ic  ratings.  For  example,  the  maxi¬ 
mum  ratings  for  the  2N4237  transistor  are  shown  in  Figure  6.36.  Note  that  the  Ic  rating 
of  the  component  is  1  Adc.  This  is  significantly  higher  than  the  Ic  rating  of  the  2N3904 
(200  mA).  Obviously,  these  devices  would  be  used  in  applications  that  have  high  current 
demands,  such  as  current  regulator  circuits. 

6.7.6  High-Power  Transistors 

High-power  transistors  are  designed  for  use  in  high-power  circuits,  such  as  regulated 
linear  and  switching  power  supplies.  These  components  (as  you  may  have  guessed)  have 
extremely  high  power  dissipation  ratings.  For  example,  the  maximum  ratings  for  the 
2N3771  high-power  transistor  are  shown  in  Figure  6.37.  As  you  can  see,  the  PD  rating  of 
the  2N3771  is  150  W.  Power  dissipation  ratings  of  this  magnitude  are  needed  in  many 
regulated  power  supply  applications. 

6.7.7  Surface-Mount  Components 

The  primary  advantage  in  using  integrated  transistors  is  that  several  transistors  can 
be  housed  in  a  single,  relatively  small  package.  For  example,  the  IC  represented  in 
Figure  6.34,  called  a  dual  in-line  package  (DIP),  would  have  the  dimensions  shown  in 
Figure  6.38a.  As  the  chart  indicates,  the  IC  has  maximum  dimensions  of  approximately 
18.8  X  6.6  X  4.7  mm.  As  a  comparison,  a  single  2N3771  power  transistor,  as  shown  in 
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Plastic  NPN  Silicon 
High-Voltage  Power  TVansistor 

. . .  designed  for  use  in  line-operated  equipment  such  as  audio 
output  amplifiers;  low-current,  high-voltage  converters;  and  AC  line 
relays. 

•  Excellent  DC  Current  Gain  - 

hpE  =  30-250  @  Ic  =  100  mAdc 

•  Current-Gain  -  Bandwidth  Product  - 


fj  =  10  MHz  (Min)  @  Ic  =  50  mAdc 

MAXIMUM  RATINGS  (1) 


■Kara 

2N5657 

Unit 

Collector-Emitter  Voltage 

VceO 

250 

350 

Vdc 

Collector-Base  Voltage 

VCB 

275 

375 

Vdc 

Emitter-Base  Voltage 

VE8 

6.0 

Vdc 

Collector  Current  -  Continuous 

•c 

0.5 

Adc 

Peak 

1.0 

Base  Current 

•b 

0.25 

Adc 

Total  Power  Dissipation  @  Tc  =  25°C 

Pd 

20 

Watts 

Derate  above  25°C 

0.16 

W/“C 

Operating  and  Storage  Junction 

Tj,  Tstg 

-65  to +150 

°c 

Temperature  Range 

2N5655 

2N5657 


0.5  AMPERE 
POWER  TRANSISTORS 
NPN  SILICON 
250-350  VOLTS 
20  WATTS 


THERMAL  CHARACTERISTICS 


bibm 

ncanis^i 

Thermal  Resistance,  Junction  to  Case  6jc 

6.25  “C/W 

(1)  Indicates  JEDEC  Registered  Data. 


FIGURE  6.35  (Copyright  of  Semiconductor  Component  Industries,  LLC.  Used  by  permission.) 


MAXIMUM  RATINGS 


4^1' .  ‘'hv  1 1* 

ESS 

ETTH51 

p 

Unit 

Collector-Emitter  Voltage 

VCEO 

40 

60 

80 

Vdc 

Collector-Base  Voltage 

VCBO 

50 

80 

Vdc 

Emitter- Base  Voltage 

VEBO 

6.0 

Vdc 

Base  Current 

!b 

500 

mA 

Collector  Current-Continuous 

*c 

1.0 

Adc 

Total  Device  Dissipation 
@  Ta  =  25°C 

Derate  above  25°C 

Pd 

1.0 

5.3 

Watt 

mW/°C 

Total  Device  Dissipation 
@  Tc  =  25°C 

Derate  above  25°C 

Pd 

6.0 

34 

Watts 

mW/°C 

Operating  and  Storage  Junction 
Temperature  Range 

Tj»  Tstg 

-65  +200 

°c 

FIGURE  6.36  2N4237  Maximum  ratings.  (Copyright  of  Semiconductor  Component 
Industries,  LLC.  Used  by  permission.) 


Figure  6.37,  has  dimensions  of  approximately  39  X  26.7  X  8.25  mm,  or  approximately 
twice  the  size  of  the  DIP. 

The  size  advantage  of  IC  technology  is  taken  even  further  with  the  use  of  surface- 
mount  technology.  A  surface-mount  package  (SMP)  is  an  IC  package  that  is  much 
smaller  and  lighter  than  its  DIP  counterpart.  The  term  surface-mount  is  derived  from  the 
fact  that  these  packages  are  mounted  directly  onto  the  surface  of  a  PC  board  rather  than 


Surface-mount  package  (SMP) 
An  IC  package  much  smaller 
and  lighter  than  its  standard 
DIP  counterpart. 
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©M  Semiconductor 


High  Power  NPN  Silicon  Power 
Transistors 

. . .  designed  for  linear  amplifiers,  series  pass  regulators,  and 
inductive  switching  applications. 

•  Forward  Biased  Second  Breakdown  Current  Capability 
Is/b  =  3.75  Adc  @  VCE  =  40  Vdc  —  2N377 1 
=  2.5  Adc  @  VCe  =  60  Vdc  —  2N3772 


MAXIMUM  RATINGS 


Rating 

Symbol 

2N3771 

2N8772 

Unit 

Collector-Emitter  Voltage 

VcEO 

40 

60 

Vdc 

Collector-Emitter  Voltage 

VCEX 

50 

80 

Vdc 

Collector-Base  Voltage 

VCB 

50 

100 

Vdc 

Emitter-Base  Voltage 

VEb 

5.0 

7.0 

Vdc 

Collector  Current  —  Continuous 

•c 

30 

20 

Adc 

Peak 

30 

30 

Base  Current  —  Continuous 

Ib 

7.5 

5.0 

Adc 

Peak 

15 

15 

Total  Device  Dissipation  @  Tc  =  25° C 

Pd 

150 

Watts 

Derate  above  25°C 

0.855 

W/°C 

Operating  and  Storage  Junction 

Tj,  Tstg 

-65  to  +200 

°C 

Temperature  Range 

THERMAL  CHARACTERISTICS 


Charaeterlatlcs 

Symbol 

2N3771, 2913772 

Thermal  Resistance,  Junction  to  Case 

Bjc 

1.17 

°C/W 

•Indicates  JEDEC  Registered  Data. 


2N3771* 

2N3772 


20  and  30  AMPERE 
POWER  TRANSISTORS 
NPN  SILICON 
40  and  60  VOLTS 
150  WATTS 


Power  Derating 

FIGURE  6.37  (Copyright  of  Semiconductor  Component  Industries,  LLC.  Used  by  permission.) 


being  mounted  in  holes  on  the  board  or  fitted  into  IC  sockets.  A  14-pin  SMP  is  illustrated 
in  Figure  6.38b.  As  indicated  in  the  chart,  this  package  has  maximum  dimensions  of 
approximately  8.75  X  4.00  X  1.75  mm.  As  a  comparison,  this  SMP  is  approximately 
one-fifth  the  size  of  the  2N377 1 . 

With  the  obvious  size  advantage,  you  might  wonder  why  SMPs  haven't  completely 
replaced  discrete  transistors.  The  fact  is  that  the  smaller  the  component,  the  lower  its  max¬ 
imum  power  handling  capability.  Typically,  transistors  in  SMP  packages  have  maximum 
power  dissipation  ratings  of  300  mW  or  less.  In  contrast,  silicon  power  transistors  like  the 
2N3771  typically  have  maximum  power  dissipation  ratings  of  100  W  or  more.  As  long  as 
SMP  technology  is  limited  to  low-power  applications,  the  need  for  discrete  components 
will  remain. 

Another  disadvantage  is  that  SMPs  are  extremely  sensitive  to  temperature.  In  fact,  sol¬ 
der  melts  at  a  temperature  that  is  higher  than  the  maximum  rated  temperature  of  many 
SMPs.  Because  of  this  (and  the  extremely  small  size  of  the  component  pins),  great  care 
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P  SUFFIX 

PLASTIC  DIP  PACKAGE 
CASE646-06 
ISSUE  M 


A  A  A  A  A  A 


* - A  — 


SEATING 

PLANE 


NOTES: 

1 .  DIMENSIONING  AND  TOLERANCING  PER  ANSI 
Y14.5M,  1982. 

2.  CONTROLLING  DIMENSION:  INCH. 

3.  DIMENSION  L  TO  CENTER  OF  LEADS  WHEN 
FORMED  PARALLEL 

4.  DIMENSION  B  DOES  NOT  INCLUDE  MOLD  FLASH. 

5.  ROUNDED  CORNERS  OPTIONAL 
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(a)  Dual  in-line  package  (DIP) 


D  SUFFIX 

PLASTIC  SOIC  PACKAGE 
CASE751A-03 
ISSUE  F 


NOTES: 

1.  DIMENSIONING  AND  TOLERANCING  PER  ANSI 
Y14.5M,  1982. 

2.  CONTROLLING  DIMENSION:  MILLIMETER. 

3.  DIMENSIONS  A  AND  B  DO  NOT  INCLUDE 
MOLD  PROTRUSION. 

4.  MAXIMUM  MOLD  PROTRUSION  0.15  (0.006) 
PER  SIDE. 

5.  DIMENSION  D  DOES  NOT  INCLUDE  OAMBAR 
PROTRUSION.  ALLOWABLE  DAMBAR 
PROTRUSION  SHALL  BE  0.127  (0.005)  TOTAL 
IN  EXCESS  OF  THE  D  DIMENSION  AT 
MAXIMUM  MATERIAL  CONDITION. 
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FIGURE  6.38  14-Pin  DIP  and  SMP  dimensions.  (Copyright  of  Semiconductor  Component 
Industries,  LLC.  Used  by  permission.) 


must  be  taken  when  soldering  replacement  SMPs  onto  a  PC  board.  When  you  need  to  sol¬ 
der  an  SMP  onto  a  PC  board ,  read  and  follow  the  manufacturer’s  soldering  guidelines. 
These  guidelines  are  usually  provided  on  the  component’s  spec  sheet. 


1.  What  are  the  primary  differences  between  pnp  and  npn  transistor  circuits?  ◄  Section  Review 

2.  Which  transistor  is  used  primarily  in  systems  with  positive  dc  supply  voltages? 

3.  Which  transistor  is  used  primarily  in  systems  with  negative  dc  supply  voltages? 

4.  What  are  the  differences  between  integrated  and  discrete  transistors? 

5.  What  are  high-voltage  transistor  si  When  are  they  typically  used? 

6.  What  are  high-current  transistors 1  When  are  they  typically  used? 

7.  What  are  high-power  transistors 1  When  are  they  typically  used? 

8.  Describe  the  differences  between  surface-mount  packages  and  standard  DIPs. 


Section  6.7  Related  Topics 
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CHAPTER  SUMMARY 


Here  is  a  summary  of  the  major  points  made  in  this  chapter: 

1.  The  transistor  is  a  three-terminal  device  whose  output  current,  voltage,  and/or 
power  are  controlled  by  its  input  current. 

a.  Transistors  are  the  primary  components  in  amplifiers.  Amplifiers  are  circuits 
used  to  increase  the  strength  of  an  ac  signal. 

b.  In  digital  systems,  transistors  are  commonly  used  as  high-speed  electronic 
switches,  capable  of  switching  between  two  operating  states  (open  and  closed)  at 
a  rate  of  several  billion  times  per  second. 

2.  The  two  basic  types  of  transistors  are  the  bipolar  junction  transistor  (BJT)  and  the 
field-effect  transistor  (FET). 

3.  The  three  terminals  of  the  BJT  are  called  the  emitter,  base,  and  collector. 

4.  The  emitter  and  collector  are  always  made  of  the  same  semiconductor  material,  and 
the  base  is  made  up  of  the  other. 

a.  The  npn  transistor  has  n-type  collector  and  emitter  materials  and  a  p-type  base. 

b.  The  pnp  transistor  has  p-type  collector  and  emitter  materials  and  an  n-type 
base. 

5.  The  arrow  in  the  BJT  schematic  symbol  always  appears  on  the  emitter  terminal. 

a.  The  terminal  opposite  the  emitter  (in  the  symbol)  is  the  collector,  and  the  center 
terminal  is  the  base. 

b.  The  arrow  always  points  toward  the  n-type  material. 

c.  The  arrow  indicates  the  direction  of  the  emitter  current  in  the  same  fashion  as 
the  arrow  in  the  diode  schematic  symbol. 

6.  The  transistor  is  a  current-controlled  device.  The  values  of  the  collector  and  emitter 
currents  ( lc  and  IE)  are  controlled  by  the  value  of  the  base  current  (IB). 

7.  Under  normal  circumstances,  collector  current  equals  the  product  of  base  current 
and  the  beta  (3)  rating  of  the  transistor. 

8.  Several  voltages  are  normally  involved  in  any  discussion  on  transistor  operation 
(see  Figure  6.3  and  Table  6.1). 

a.  Vcc,  VEE,  and  VBB  are  dc  power  supply  (biasing)  voltages. 

b.  Vc,  VE,  and  VB  are  all  voltages  measured  from  their  respective  transistor  termi¬ 
nals  to  ground. 

c.  VCE,  V be,  and  VCB  are  voltages  measured  across  the  identified  terminal  pairs. 

9.  Two  pn  junctions  are  formed  by  the  three  semiconductor  materials  in  a  transistor. 
The  base-emitter  junction  and  the  collector-base  junction  are  normally  operated  in 
one  of  three  biasing  combinations: 


Base-Emitter  Junction 

Collector-Base  Junction 

Operating  Region 

Reverse 

Reverse 

Cutoff 

Forward 

Reverse 

Active 

Forward 

Forward 

Saturation 

The  regions  listed  above  refer  to  portions  of  the  transistor  characteristic  curve. 

10.  This  chapter  concentrates  on  npn  transistors.  The  principles  covered  apply  to  pnp 
transistors  as  well. 

11.  Zero  bias  describes  the  biasing  of  a  BJT  at  room  temperature  with  no  potentials 
applied. 

a.  When  zero  biased,  both  junctions  form  depletion  layers  as  a  result  of  thermal 
activity. 

b.  Since  they  form  depletion  layers,  the  junctions  of  a  BJT  are  both  reverse  biased 
at  room  temperature. 

12.  Normally,  two  biasing  potentials  are  applied  to  a  BJT. 

a.  When  both  junctions  are  reverse  biased,  the  component  is  said  to  be  in  cutoff. 

b.  When  in  cutoff,  a  very  small  reverse  leakage  current  passes  through  the  transis¬ 
tor  terminals. 
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13.  The  opposite  of  cutoff  is  saturation. 

a.  Saturation  is  the  condition  where  further  increases  in  IB  do  not  result  in  further 
increases  in  Ic. 

b.  When  in  saturation,  the  collector  current  reaches  its  maximum  possible  value,  as 
determined  by  the  collector  supply  voltage  ( VCc )  and  the  total  resistance  in  the 
emitter  and  collector  circuits. 

14.  When  IB  is  increased  beyond  the  point  of  driving  the  BJT  into  saturation: 

a.  Both  junctions  become  forward  biased. 

b.  The  relationship  Ic  =  (3/B  no  longer  holds  true. 

15.  The  BJT  operating  region  between  cutoff  and  saturation  is  referred  to  as  the  active 
region. 

a.  In  this  operating  region,  the  base-emitter  junction  is  forward  biased  and  the 
collector-base  junction  is  reverse  biased. 

b.  The  BJT  currents  for  active  region  operation  are  shown  in  Figure  6.8. 

16.  The  three  operating  states  of  a  BJT  are  summarized  in  Figure  6.9. 

17.  A  small  change  in  IB  results  in  a  large  change  in  the  other  terminal  currents  (see 
Example  6.1). 

18.  According  to  Kirchhoff’s  current  law,  emitter  current  (IE)  must  equal  the  sum  of 
the  other  two  terminal  currents  ( IB  +  Ic). 

19.  Normally,  IB  <sC  Ic.  Therefore,  Ic  =  I,.. 

20.  The  dc  beta  rating  of  a  transistor  equals  the  ratio  of  Ic  to  lB. 

a.  Since  beta  is  a  current  ratio,  it  has  no  unit  of  measure. 

b.  Transistors  have  both  dc  beta  and  ac  beta  ratings. 

c.  Transistor  spec  sheets  normally  list  a  range  of  beta  values. 

21.  The  dc  alpha  (a)  rating  of  a  transistor  equals  the  ratio  of  collector  current  (7C)  to 
emitter  current  ( IE ). 

a.  Since  Ic  <  IE,  the  value  of  a  is  always  less  than  1 . 

b.  Transistor  spec  sheets  do  not  usually  provide  a  rated  value  of  a.  Its  value  can  be 
derived  using  the  beta  rating  of  the  component.  (See  Example  6.5.) 

22.  Transistors  normally  have  two  maximum  collector  current  ratings. 

a.  One  maximum  lc  rating  is  a  parameter.  It  indicates  the  limit  on  the  collector  cur¬ 
rent  when  the  transistor  is  in  saturation  or  its  active  region. 

b.  One  maximum  lc  rating  is  an  electrical  characteristic.  It  indicates  the  maximum 
amount  of  collector  leakage  current  when  the  device  is  in  cutoff. 

23.  Transistors  have  three  breakdown  voltage  ratings. 

a.  VCBO  is  the  collector-base  breakdown  voltage,  measured  with  the  emitter  termi¬ 
nal  open. 

b.  VEBO  is  the  emitter-base  breakdown  voltage,  measured  with  the  collector  termi¬ 
nal  open. 

c.  VCeo  is  the  collector-to-emitter  breakdown  voltage,  measured  with  the  base  ter¬ 
minal  open. 

d.  The  above  voltages  are  measured  as  shown  in  Figure  6.20. 

24.  The  collector  characteristic  curve  of  a  transistor  illustrates  the  relationship  among 
Ic ,  VCE,  and  IB.  Each  collector  characteristic  curve  is  plotted  at  a  specified  value  of 
IB.  (See  Figures  6.24  and  6.25.) 

25.  Each  collector  characteristic  curve  is  divided  into  three  parts. 

a.  The  portion  of  the  curve  that  falls  between  0  V  and  the  knee  voltage  (VK)  repre¬ 
sents  the  saturation  characteristics  of  the  device. 

b.  The  portion  of  the  curve  that  falls  between  VK  and  the  breakdown  voltage  (VBR) 
represents  the  device  characteristics  for  its  active  region  of  operation. 

c.  The  portion  of  the  curve  to  the  right  of  VBR  represents  the  characteristics  of  the 
device  when  driven  into  breakdown. 

26.  The  value  of  Ic  for  a  given  transistor  increases  slightly  as  VCE  increases  over  the  range 
of  values  between  VK  and  VBR. 

27.  The  base  curve  of  a  transistor  is  nearly  identical  to  the  forward  operating  curve  of  a 
/)«-j  unction  diode. 
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28.  The  beta  curves  of  a  transistor  illustrate  the  relationship  among  Ic,  beta,  and 
temperature. 

a.  Up  to  a  point,  beta  increases  as  Ic  increases.  Above  that  point,  beta  decreases  as 
Ic  increases.  (See  Figure  6.27.) 

b.  Each  beta  curve  is  plotted  at  a  specified  temperature. 

29.  Transistor  spec  sheets  are  typically  divided  into  maximum  ratings,  thermal  charac¬ 
teristics,  off  characteristics,  and  on  characteristics. 

a.  The  maximum  ratings  are  of  the  same  nature  as  those  provided  for  diodes. 

b.  The  thermal  characteristics  describe  the  component’s  ability  to  dissipate  power 
and  tolerate  heat. 

c.  The  off  characteristics  describe  the  operation  of  the  transistor  when  it  is  in 
cutoff. 

d.  The  on  characteristics  describe  the  operation  of  the  transistor  for  both  active 
region  operation  and  saturation. 

30.  A  transistor  can  be  tested  using  a  DMM  (see  Figures  6.30  and  6.31). 

a.  The  base-emitter  and  collector-base  junctions  are  both  tested  for  low  forward 
resistance  and  high  reverse  resistance. 

b.  The  collector-to-emitter  resistance  of  the  device  is  measured.  This  should  be  a 
high  resistance  regardless  of  the  polarity  of  the  meter  connection. 

c.  If  the  transistor  passes  all  these  tests,  it  is  most  likely  good.  If  it  does  not,  it  is 
faulty. 

31.  The  pnp  transistor  has  the  same  operating  characteristics  as  the  npn  transistor. 

a.  The  primary  differences  are  the  voltage  polarities  and  current  directions  (see 
Figure  6.32). 

b.  pnp  transistors  are  commonly  used  in  electronic  systems  that  have  negative  sup¬ 
ply  voltages. 

32.  In  most  practical  circuits,  transistor  biasing  voltages  are  derived  from  the  dc  power 
supply  (see  Figure  6.33). 

33.  Integrated  transistors  come  in  packages  that  house  more  than  one  transistor  in  IC 
form. 

34.  Devices  that  are  packaged  in  individual  casings  are  referred  to  as  discrete  components. 

35.  Integrated  transistors  usually  have  lower  maximum  power  dissipation  and  maxi¬ 
mum  forward  current  ratings  than  their  discrete  component  counterparts. 

36.  High-voltage  transistors  have  unusually  high  reverse  breakdown  voltage  ratings. 
These  transistors  are  typically  used  in  high-voltage  circuits,  such  as  CRT  control 
circuits. 

37.  High-current  transistors  have  very  high  maximum  collector  current  ratings. 
These  transistors  are  typically  used  in  high-current  circuits,  such  as  current  regulators. 

38.  High-power  transistors  have  very  high  maximum  power  dissipation  ratings.  These 
transistors  are  typically  used  in  high-power  circuits,  such  as  regulated  dc  power  sup¬ 
plies. 

39.  Surface-mount  packages  (SMPs)  are  much  smaller  and  lighter  than  their  DIP 
counterparts. 

a.  The  term  surface-mount  comes  from  the  fact  that  these  components  are  mounted 
directly  on  footprints  on  the  surface  of  a  PC  board,  rather  than  in  holes  or  IC 
sockets. 

b.  Because  of  their  size,  SMPs  have  extremely  low  power  handling  capabilities. 

c.  Care  must  be  taken  when  soldering  an  SMP  because  the  heat  from  the  soldering 
iron  can  damage  the  component. 
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Equation  Number 

Equation 

Section  Number 

(6.1) 

Ic  =  $Ib 

6.1 

(6.2) 

Ie~  Ib  +  Ic 

6.3 

(6.3) 

Ic . Ie 

6.3 
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(6.4) 

W05 

II 

oo. 

6.3 

(6.5) 

iE  =  4(3  +  l) 

6.3 

(6.6) 

4 

a  =  — 

Ie 

6.3 

(6.7) 

4  =  «4 

6.3 

(6.8) 

4 

4  =  - 

a 

6.3 

(6.9) 

4  =  4d  -  a) 

6.3 

(6.10) 

P 

a  = 

3  +  l 

6.3 

(6.11) 

^C(  max) 

*Z?(max)  q 

Pmax 

6.3 

(6.12) 

VcF.  —  14c  ~  4c 

6.4 

(6.13) 

1 'cE  =  VCC  ~~  IcRc 

6.4 

active  region  208 
amplifier  202 
base  202 

base  current  (4)  203 
base  curve  219 
base  cutoff  current 
C hi )  224 

base-emitter  junction  205 
base-emitter  saturation 
voltage  (VB£(sat))  224 
beta  (P)  204 
beta  curve  220 
bipolar  junction  transistor 
(BJT)  202 
collector  202 
collector-base 
junction  205 


collector  biasing  voltage 
(Vcc)  226 

collector  characteristic 
curve  217 

collector  current  ( lc )  203 
collector  cutoff  current 
( Icex )  224 
collector-emitter 
saturation  voltage 
(Wo)  224 
current  gain  ((3)  204 
cutoff  207 
dc  alpha  214 
dcbeta(P)  212 
dc  current  gain  (hFE)  224 
discrete  228 
emitter  202 


emitter  current  (I,.)  203 
high-current  transistor  228 
high-power  transistor  228 
high-voltage 
transistor  228 
integrated  transistor  227 
npn  transistor  202 
off  characteristics  224 
on  characteristics  224 
pnp  transistor  202 
saturation  207 
surface-mount  package 
(SMP)  229 
thermal  resistance 
(*e)  221 
transistor  202 
zero  bias  206 
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PRACTICE  PROBLEMS 

Section  6.3 

1.  A  BJT  has  values  of  3  =  320  and  IB  =  12  pA.  Determine  the  value  of  Ic  for  the 
device. 

2.  A  BJT  has  values  of  3  =  400  and  IB  =  30  pA.  Determine  the  value  of  lc  for  the 
device. 

3.  A  BJT  has  values  of  3  =  254  and  IB  =  1.01  mA.  Determine  the  value  of  lc  for  the 
device. 

4.  A  BJT  has  values  of  3  =  144  and  IB  =  82  pA.  Determine  the  value  of  Ic  for  the 
device. 

5.  A  BJT  has  values  of  IB  =  20  pA  and  Ic=  1.1  mA.  Determine  the  value  of  1E  for  the 
device. 

6.  A  BJT  has  values  of  IB  =  1.1  mA  and  Ic  =  344  mA.  Determine  the  value  of  IE  for 
the  device. 
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7.  Complete  the  following  table. 


Beta 

h 

Ic 

a.  150 

25  pA 

— 

b.  — 

75  pA 

1.5  mA 

c.  240 

100  pA 

— 

d.  325 

— 

20  mA 

8.  Complete  the  following  table. 

Beta 

h 

Ic 

a.  — 

50  pA 

12  mA 

b.  440 

— 

35  mA 

c.  175 

45  pA 

— 

d.  — 

120  pA 

84  mA 

9.  Complete  the  following  table. 

h 

Ic 

Ie 

a.  25  pA 

1  mA 

— 

b.  — 

1.8  mA 

1.98  m 

c.  120  |xA 

— 

3  mA 

d.  — 

7.5  mA 

8  mA 

e.  50  pA 

— 

20  mA 

f.  175  pA 

9.825  mA 

— 

10.  A  BJT  has  values  of  IB  ~  35  pA  and  (3  =  100.  Determine  the  values  of  lc  and  1E  for 
the  device. 

11.  A  BJT  has  values  of  IB  =  150  pA  and  [3  =  400.  Determine  the  values  of  Ic  and  IE 
for  the  device. 

12.  A  BJT  has  values  of  IB  =  48  |xA  and  (3  =  120.  Determine  the  values  of  Ic  and  /,,  for 
the  device. 

13.  A  BJT  has  values  of  Ic~  12  mA  and  (3  =  440.  Determine  the  values  of  1B  and  I,,  for 
the  device. 

14.  A  BJT  has  values  of  Ic  =  50  mA  and  (3  =  400.  Determine  the  values  of  IB  and  IE  for 
the  device. 

15.  A  BJT  has  values  of  IE  =  65  mA  and  (3  =  380.  Determine  the  values  of  IB  and  Ic  for 
the  device. 

16.  A  BJT  has  values  of  IE=  120  mA  and  (3  =  60.  Determine  the  values  of  1B  and  Ic  for 
the  device. 

17.  A  BJT  has  a  value  of  (3  =  426.  Determine  the  value  of  a  for  the  device. 

18.  A  BJT  has  a  value  of  [3  =  350.  Determine  the  value  of  a  for  the  device. 

19.  A  BJT  has  the  following  parameters:  Ia max)  =  120  mA  and  (3  =  50  to  120.  Deter¬ 
mine  the  maximum  allowable  value  of  IB  for  the  device. 

20.  A  BJT  has  the  following  parameters:  /C( max)  =  250  mA  and  (3  =  35  to  100.  Deter¬ 
mine  the  maximum  allowable  value  of  IB  for  the  device. 

Section  6.4 

21.  Refer  to  Figure  6.39.  What  is  the  range  of  breakdown  voltages  of  the  transistor  rep¬ 
resented  by  the  collector  curves? 
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FIGURE  6.39 


22.  Refer  to  Figure  6.39.  What  is  the  approximate  value  of  lc  when  IB  is  40  p.A? 

23.  Refer  to  Figure  6.39.  What  is  the  maximum  value  of  Vce  when  the  device  is 
saturated? 

Section  6.7 

24.  For  each  circuit  shown  in  Figure  6.40,  identify  the  type  of  transistor  and  indicate  the 
directions  of  the  terminal  currents. 


FIGURE  6.40 


" —  TROUBLESHOOTING 

25.  The  following  are  the  results  of  several  transistor  tests.  In  each  case,  determine  PRACTICE  PROBLEMS 
whether  or  not  the  transistor  is  good. 


Base-Emitter 

Collector-Base 

Emmiter-to-Collector 

Resistance 

Forward 

Reverse 

Forward 

Reverse 

250  fi 

300  ka 

150  ka 

140  ka 

1200ka 

800  a 

115ka 

800  a 

115  ka 

14  ka 

377  a 

152  ka 

900  a 

180  ka 

1500  ka 

ioo  ka 

ioo  ka 

190  a 

144  ka 

3500  ka 

Chapter  6  Practice  Problems 
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PUSHING  THE  ENVELOPE 


SUGGESTED  COMPUTER 

APPLICATIONS 

PROBLEMS 


ANSWERS  TO  THE 
EXAMPLE  PRACTICE 
PROBLEMS 


26.  Draw  a  series  of  diagrams  to  show  how  you  would  connect  a  VOM  with  a  negative 
ground  lead  to  test  a  pnp  transistor.  In  each  case,  indicate  the  reading  you  would 
obtain  for  a  good  transistor. 


27.  Starting  with  the  defining  equation  for  a,  prove  that  a 


P 

P+  1' 


28.  Starting  with  the  defining  equation  for  (3,  prove  that  (3  =  _ 

29.  Of  all  the  equations  in  this  chapter,  the  one  that  initially  seems  incorrect  (to  most 
people)  is  the  equation  for  the  maximum  allowable  base  current.  This  equation  was 
given  as 

^C(  max) 
tfi(max)  ~  ~j7 

Pmax 


The  part  that  seems  incorrect  is  the  use  of  (3max  in  the  denominator,  because  we  are 
taught  that  a  minimum  value  in  the  denominator  of  a  fraction  gives  us  a  maximum 
result.  Using  the  following  transistor  values: 

/C(max)  =  500  mA  (3  =  50  to  250 

demonstrate  that  the  maximum  allowable  value  of  base  current  cannot  be  calculated 
using  the  value  of  (3,„ln  in  the  denominator  of  the  equation. 


30.  Write  a  program  that  will  solve  for  Ic,  IE,  and  a  given  the  values  of  I B  and  hFE  (dc  beta). 

31.  Write  a  program  that  will  solve  the  table  shown  in  Problem  9  given  any  two  of  the 
values. 

32.  Write  a  program  that  will  accept  information  like  that  shown  in  Problem  25  and  tell 
you  whether  a  given  transistor  is  good.  Assume  that  a  good  transistor  would  have  a 
minimum  reverse-to-forward  resistance  ratio  of  100: 1 . 


6.1  Ic  -  17.5  mA 

6.2  Ic  =  20  mA,  IE  =  20.05  mA 

6.3  IB  =  85.11  |xA,/c=  11.91  mA 

6.4  IB  =  47 1  p,A,/E  =  80.47  mA 

6.5  a  =  0.997,  Ic  =  349  mA  (using  (3),  7C  =  348.95  mA  (using  a) 

6.6  /S(max)  =  8.33  mA 
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DC  Biasing  Circuits 


Objectives 

After  studying  the  material  in  this  chapter,  you  should  be  able  to: 

1.  State  the  purpose  of  dc  biasing  circuits. 

2.  Plot  the  dc  load  line  for  an  amplifier  given  the  value  of  Vcc  and  the  total  collector-emitter 
circuit  resistance. 

3.  Describe  the  (2-point  of  an  amplifier,  and  explain  what  it  represents. 

4.  Describe  and  analyze  the  operation  of  a  base-bias  circuit. 

5.  Determine  if  a  circuit  is  midpoint  biased  given  the  values  of  Ic,  VCE,  and  Vcc  for  the 
circuit. 

6.  Describe  and  analyze  the  operation  of  a  voltage-divider  biasing  circuit. 

7 .  Estimate  the  value  of  ICQ  for  an  amplifier  without  detailed  calculation,  and  justify  the  use 
of  this  estimate. 

8.  Describe  the  troubleshooting  procedure  for  a  voltage-divider  bias  circuit. 

9.  Describe  and  analyze  the  operation  of  an  emitter-bias  circuit. 

10.  Describe  and  analyze  the  operation  of  a  collector-feedback  bias  circuit. 

11.  Describe  and  analyze  the  operation  of  the  emitter-feedback  bias  circuit. 

Outline 

7.1  Introduction  to  DC  Biasing:  The  DC  Load  Line 

7.2  Base  Bias 

7.3  Voltage-Divider  Bias 

7 .4  Other  Transistor  Biasing  Circuits 
Chapter  Summary 


The  W o r_l d  _o f  S Ui_c_o n _Mi n ia t u r e _Co m_p o n en  t s 


Not  long  after  the  development  of  the  transistor,  the  race 
was  on  to  make  miniature  versions  of  almost  every  type 
of  component  and  circuit.  It  was  found  that  almost  any  type 
of  circuit  or  component  could  be  made  using  silicon.  Resis¬ 
tors  and  capacitors,  for  example,  could  be  produced  on  sili¬ 
con.  This  made  it  possible  for  entire  amplifiers  (including  the 
biasing  components)  to  be  made  on  a  single  silicon  wafer. 

Manufacturing  technology  has  developed  to  the  point 
where  literally  hundreds  of  thousands  of  components  can  be 


produced  on  a  single  silicon  wafer  that  is  much  smaller  than 
a  penny.  Yet  the  simplest  of  all  electronic  components,  the 
inductor,  took  longer  to  develop  in  semiconductor  form  than 
any  other  component.  Inductors  were  first  fabricated  in 
microminiature  form  in  the  late  1980s.  Even  now,  these 
inductors  are  considered  impractical  because  of  the  amount 
of  chip  space  (or  "real  estate")  that  it  takes  to  produce 
them. 


OBJECTIVE  1  ► 


The  ac  operation  of  a  transistor  amplifier  depends  on  its  initial  dc  values  of  IB,  Ic,  and 
VCe ■  As  IB  is  varied  from  an  initial  value,  Ic  and  VCE  are  varied  from  their  initial  values. 
This  operation  is  illustrated  in  Figure  7.1.  The  function  of  dc  biasing  is  to  set  the  initial 
values  of  IB,  Ic,  and  VCE.  Several  bias  methods  are  used  to  achieve  different  results,  but 
each  provides  a  means  of  setting  the  initial  operating  point  of  the  transistor.  In  this 
chapter,  we  will  discuss  the  operation  and  troubleshooting  of  the  most  commonly  used 
dc  biasing  circuits. 


FIGURE  7.1  Typical  amplifier  operation. 


Introduction  to  DC  Biasing:  The  DC  Load  Line 


dc  load  line 

A  graph  of  all  possible 
combinations  of  VCE  and  Ic  for 
an  amplifier. 


The  dc  load  line  is  a  graph  that  represents  all  the  possible  combinations  of  Ic  and  VCE  for 
a  given  amplifier.  For  every  possible  value  of  Ic,  an  amplifier  has  a  corresponding  value 
of  VCE.  The  dc  load  line  represents  all  the  /C/VC£  combinations  for  the  circuit.  A  generic 
dc  load  line  is  shown  in  Figure  7.2. 

The  ends  of  the  load  line  are  labeled  /C(sa t)  and  VCE(off).  The  value  of  the  /C(s at)  point 
represents  the  ideal  value  of  saturation  current  for  the  circuit.  If  we  look  at  the  saturated 
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FIGURE  7.2  A  generic  dc  load  line. 


transistor  as  being  a  short  circuit  from  emitter  to  collector,  then  VCE  is  zero,  and  equation 
(6.12)  becomes 


Vcc  ~  IcRc 

(saturation) 

(7.1) 

Rearranging  the  formula  for  Ic,  we  get 

Rc 

*  *  jaiaaajK 

(ideal) 

1 

(7.2) 

Conversely,  when  the  transistor  is  in  cutoff,  we  can  look  at  the  component  as  being  an 
open  circuit  from  emitter  to  collector.  Because  the  transistor  acts  as  an  open,  there  is  no 
collector  current.  Thus,  ICRC  =  0,  and  equation  (6.12)  becomes 


V*  “  K<.  (7.3) 

As  the  following  example  shows,  equations  (7.2)  and  (7.3)  are  used  to  plot  the  end  points  ◄  OBJECTIVE  2 
of  the  dc  load  line. 


EXAMPLE  7.1 _ 

Plot  the  dc  load  line  for  the  circuit  shown  in  Figure  7.3a. 


+  12  V 


(a) 

FIGURE  7.3 


Solution:  With  the  circuit  values  shown. 


*7.  Vcc 


=  12  V 
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and 


'  C(sat) 


Vjx 

Re 


12  V 
2kO 


=  —  =  — -  =  6mA 


The  load  line  therefore  has  end  points  of  V'cHoffi  =  12  V  and  /C(Sat)  =  6  mA.  The 
plotted  line  is  shown  in  Figure  7.3b.  (Although  RB  is  shown  in  the  figure,  it  has  no 
effect  on  load  line  end  points.) 


Practice  Problem  7.1 

A  circuit  like  the  one  shown  in  Figure  7.3a  has  values  of  Vcc  =  +8  V  and  Rc  = 
1.1  kfl.  Plot  the  dc  load  line  for  the  circuit. 


As  stated  earlier,  the  dc  load  line  represents  all  the  possible  combinations  of  Ic  and 
VCE  for  a  given  amplifier.  This  point  is  illustrated  in  the  following  example. 


EXAMPLE  7.2 _ 

Plot  the  dc  load  line  for  the  circuit  shown  in  Figure  7.4.  Then,  use  equation  (6.12) 
to  verify  the  load  line  VCE  values  for  Ic  —  1  mA,  Ic  —  2  mA,  and  Ic  =  5  mA. 


FIGURE  7.4 


+  10  V 


Solution:  With  the  circuit  values  shown,  /C(sat)  is  found  as 


1  C(sat) 


Vcc 

Rc 


10V 
1  kfl 


10  mA 


Now,  VC£(off)  is  found  as 

fc£(off)  =  Vcc  =  10  V 

Using  /C(sat)  and  VC£(off)  as  the  end  points,  the  dc  load  line  for  the  circuit  is  plotted 
as  shown  in  Figure  7.5a. 

As  Figure  7.5b  shows,  the  following  Ic  versus  VCe  combinations  should  be  pos¬ 
sible  in  this  circuit: 


Ic  (mA)  VCI,  (V) 
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1 

2 

5 


9 

8 

5 


c  6 
(mA)  b 


c  6 
(mA)  b 


4  6  8  10 

VCE  (V) 


6  8 
VCE  (V) 


FIGURE  7.5 


These  combinations  (which  were  chosen  at  random)  are  verified  by  equation 
(6.12)  as  follows: 


For  Ic  =  1  mA, 


For  Ic  =  2  mA, 


For  Ic  =  5  mA, 


-  ICRC  =  10  V  -  (1  mA)(l  kfl)  =  10  V  -  1  V  =  9  V 


-  ICRC  =  10  V  -  (2  mA)(l  kft)  =  10  V  -  2  V  =  8  V 


-  ICRC  =  10  V  -  (5  mA)(l  kfl)  =  10  V  -  5  V  =  5  V 
These  calculations  verify  the  values  obtained  from  the  dc  load  line. 

Practice  Problem  7.2 

A  circuit  like  the  one  shown  in  Figure  7.4  has  values  of  VCc  =  +16  V  and  Rc  = 
2  kfl.  Plot  the  dc  load  line  for  the  circuit,  and  determine  the  values  of  VCE  for 
Ic  ~  2  mA,  4  mA,  and  6  mA.  Then,  verify  your  values  using  equation  (6.12). 


Lab  Reference:  A  dc  load  line  is 
plotted  and  used  to  predict  circuit 
values  in  Exercise  7. 


7.1.1  The  0-Point 

When  a  transistor  does  not  have  an  input  signal,  its  output  rests  at  specific  dc  values  of  Ic 
and  VCE.  As  you  have  seen,  these  values  correspond  to  a  specific  point  on  the  dc  load  line. 
This  point  is  called  the  0-point.  The  letter  0  comes  from  the  word  quiescent,  meaning  at 
rest.  A  quiescent  amplifier  is  one  that  has  no  input  signal  applied  and,  therefore,  has  con¬ 
stant  dc  values  of  Ic  and  +C£- 

When  the  dc  load  line  of  an  amplifier  is  superimposed  on  the  collector  curves  for 
the  transistor,  the  0-point  value  can  easily  be  determined.  This  point  is  illustrated  in 
Figure  7.6. 

Assume  that  the  collector  curves  shown  in  Figure  7.6  are  the  curves  for  the  transistor 
in  Figure  7.4.  The  load  line  found  in  Example  7.2  has  been  superimposed  over  the  collec¬ 
tor  curves.  The  0-point  is  the  point  where  the  load  line  intersects  the  appropriate  collector 
curve.  For  example,  if  the  amplifier  is  operated  at  IB  =  20  p,A,  the  0-point  is  located  at 
the  point  where  the  dc  load  line  intersects  the  IB  =  20  p.A  curve,  as  shown  in  the  illustra¬ 
tion.  From  the  load  line,  we  can  then  determine  that  the  circuit  has  0-point  values  of  Ic  = 
4  mA  and  VCE  =  6  V  (the  coordinates  that  correspond  to  the  0-point  location). 


◄  OBJECTIVE  3 
Q- point 

A  point  on  the  dc  load  line  that 
indicates  the  values  of  Vce  and 
Ic  for  an  amplifier  at  rest. 

Quiescent 

At  rest. 


^Section  7.1  Introduction  to  DC  Biasing:  The  DC  Load  Line 
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FIGURE  7.6 


For  linear  operation  of  an  amplifier,  it  is  desirable  to  have  the  (7-point  centered  on 
the  load  line.  When  you  have  a  centered  g-point,  VCE  is  half  the  value  of  Vcc,  and  lc  is 
half  the  value  of  /C(s at).  This  is  illustrated  in  Figure  7.7.  As  you  can  see,  the  centered 

_ g-point  provides  values  of  Ic  and  VCE  that  are  half  their  maximum  possible  values. 

Midpoint  bias  When  a  circuit  is  designed  to  have  a  centered  g-point,  the  amplifier  is  said  to  be  mid- 

Having  a  0-point  that  is  point  biased, 

centered  on  the  load  line. 


h 


FIGURE  7.7  The  g-point  for  a  midpoint-biased  circuit. 


Why  is  it  important  to  design 


Midpoint  biasing  allows  optimum  ac  operation  of  the  amplifier.  This  point  is  illus¬ 
trated  in  Figure  7.8.  When  an  ac  signal  is  applied  to  the  base  of  the  transistor,  Ic  and  VCE 
both  vary  around  their  g-point  values.  When  the  g-point  is  centered,  Ic  and  VCE  can  both 
make  the  maximum  possible  transitions  above  and  below  their  initial  dc  values.  When  the 
g-point  is  above  center  on  the  load  line,  the  input  may  cause  the  transistor  to  saturate. 
When  this  happens,  part  of  the  output  sine  wave  is  clipped  off.  If  the  g-point  is  below 
midpoint  on  the  load  line,  the  input  may  cause  the  transistor  to  go  into  cutoff.  This  can 
also  cause  a  portion  of  the  output  sine  wave  to  be  clipped. 

The  ac  operation  of  the  amplifier  is  covered  in  detail  in  later  chapters.  For  now,  it  is 
important  that  you  understand  the  advantage  of  midpoint  biasing.  Having  a  midpoint- 
biased  circuit  will  allow  the  best  possible  ac  operation  of  the  circuit. 
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0  |  vcc  vcE(on)  -  vcc 

FIGURE  7.8  Optimum  amplifier  operation. 

1.  What  purpose  is  served  by  a  dc  biasing  circuit?  ^  Section  Review 

2.  What  is  a  dc  load  line ? 

3.  What  is  represented  by  the  point  where  the  load  line  meets  the  Ic  axis  on  a  graph? 

4.  What  is  represented  by  the  point  where  the  load  line  meets  the  VCE  axis  on  a  graph? 

5.  What  does  the  g-point  of  an  amplifier  represent? 

6.  What  is  meant  by  the  term  quiescentl 

7.  What  does  it  mean  when  an  amplifier  is  in  its  quiescent  state? 

8.  How  can  the  g-point  values  for  an  amplifier  be  obtained  from  the  collector  curves  of 
the  circuit’s  transistor? 

9.  What  is  midpoint  bias ? 

10.  Why  is  midpoint  biasing  desirable? 


Base  Bias 


The  simplest  type  of  transistor  biasing  is  base  bias,  or  fixed  bias.  A  base-bias  circuit  is  shown 
in  Figure  7.9.  Current  enters  the  circuit  from  Vcc  and  splits,  with  most  passing  through 
the  collector  resistor  (Rc)  to  the  transistor  collector  and  the  rest  passing  through  the  base  resis¬ 
tor  ( Rb )  to  the  base.  The  sum  of  the  currents  then  exits  the  transistor  emitter  and  returns  to 
ground.  As  long  as  power  is  applied  to  the  circuit,  the  terminal  currents  are  in  the  direction 
indicated  in  Figure  7.9. 

7.2.1  Circuit  Analysis 

The  primary  goal  of  biasing  circuit  analysis  is  to  determine  the  g-point  values  of  Ic 
and  VCE.  For  the  base-bias  circuit,  the  analysis  starts  by  determining  the  value  of  the  base 
current.  According  to  Ohm’s  law,  the  value  of  IB  can  be  found  using 


, 

4" 


If  we  connect  a  meter  from  the  transistor  base  to  ground,  as  shown  in  Figure  7.9,  that 
meter  is  in  parallel  with  the  base-emitter  junction  of  the  transistor.  Therefore,  the  voltage 


◄  OBJECTIVE  4 
Base  bias 

Consists  of  a  single  base 
resistor  between  the  base 
terminal  and  Vcc  and  no  emitter 
resistor.  Also  known  as  fixed 
bias.  The  name  fixed  bias  stems 
from  the  fact  that  IB  will  not 


Lab  Reference:  Base-bias 
operation  is  demonstrated  in 
Exercise  7. 


Section  7.2  Base  Bias 
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+  VCc 


FIGURE  7.9  Base  bias. 


from  the  base  of  the  transistor  to  ground  equals  VBE.  This  means  that  the  voltage  across 
Rb  equals  the  difference  between  Vcc  and  VBE.  By  formula, 

Vrs  =  Vcc  —  VBE 


Substituting  (Vcc  -  VBE)  into  the  base  current  equation  gives  us 


Once  the  value  of  1B  is  known,  Ic  is  calculated  using 


lc  —  hPEIB 


Finally,  VCE  can  be  found  as 


VCE  —  VCc  IcRc 


(7.4) 


(7.5) 


(7.6) 


Equations  (7.5)  and  (7.6)  give  us  the  Q- point  values  of  Ic  and  VCE.  The  complete  dc 
analysis  of  a  base-bias  circuit  is  demonstrated  in  the  following  example. 


EXAMPLE  7.3 _ 

Determine  the  g-point  values  of  Ic  and  VCE  for  the  circuit  shown  in  Figure  7.10. 


+8  V 


FIGURE  7.10 
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Solution:  First,  IB  is  found  as 


/«  = 


^cc  ~  0-7  V 

Rb 


8  V  -  0.7  V  7.3  V 


360  kO 


mm 


20.28  |XA 


Next,  Ic  is  found  as 


Ic  =  hFElB  =  (100X20.28  ixA)  =  2.028  mA 


Finally,  VCE  is  found  as 

VCE  =  Vcc  -l<*c  =  8  V  -  (2.028  mA)(2  kfl) 

=  3.94  V 


Practice  Problem  7.3 

A  base-bias  circuit  like  the  one  shown  in  Figure  7.10  has  the  following  values: 
y cc  =  + 14  V,  Rc  =  720  fl,  hFE  =  200,  and  RB  =  270  kfl.  Determine  the  (7-point 
values  of  Ic  and  VCE  for  the  circuit. 


Once  the  (7-point  values  of  Ic  and  VCE  are  known,  you  can  determine  whether  the  cir¬ 
cuit  is  midpoint  biased.  As  Examples  7.4  and  7.5  demonstrate,  there  are  two  ways  to 
determine  whether  a  circuit  is  midpoint  biased. 


EXAMPLE  7.4 


Construct  the  dc  load  line  for  the  circuit  shown  in  Figure  7.10,  and  plot  the  (7-point 
from  the  values  obtained  in  Example  7.3.  Determine  whether  the  circuit  is  midpoint 
biased. 


Solution:  The  end  points  of  the  load  line  are  found  as 

=  \  2  Ml 


,  V<x:  8  V  _ 

Irtsntt  —  ~  —  . . .  —  4  mA 


and 


Vcmm  =  Vcc  =  8V 

Using  these  end  points,  the  dc  load  line  is  plotted  as  shown  in  Figure  7.11.  Plotting 
the  point  that  closely  matches  Ic  =  2.028  mA  and  VCE  =  3.94  V  (from  Example 
7.3)  gives  us  the  (7-point  shown  in  the  figure.  As  you  can  see,  the  amplifier  is  very 
nearly  midpoint  biased. 


FIGURE  7.11 
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Practice  Problem  7.4 

A  base  bias  circuit  like  the  one  shown  in  Figure  7.10  has  the  following  values: 
Vcc  =  12  V,  Rc  =  1  kfl,  hFE  =  150,  and  RB  =  500  kfl.  Construct  the  load  line,  and 
determine  if  the  circuit  is  operating  at  midpoint. 


EXAMPLE  7.5 _ _ _ 

Determine  whether  the  circuit  shown  in  Figure  7.10  is  midpoint  biased  without 
drawing  a  dc  load  line  for  the  circuit. 

Solution:  By  definition,  a  circuit  is  midpoint  biased  when  the  Q-point  value  of 
VCE  is  one-half  of  Vcc.  This  relationship  was  illustrated  in  Figure  7.7. 

In  Example  7.3,  we  determined  that  the  amplifier  in  Figure  7.10  has  the  follow¬ 
ing  values: 


Vcc  =  +8  V 
VCE  -  3.94  V 

Since  the  Q-point  value  of  VCE  is  approximately  one-half  of  Vcc,  we  can  conclude 
that  the  circuit  is  midpoint  biased  without  the  use  of  a  dc  load  line. 

Practice  Problem  7.5 

Determine  whether  the  circuit  described  in  Practice  Problem  7.3  is  midpoint  biased. 
Use  the  methods  demonstrated  in  Examples  7.4  and  7.5  to  show  your  conclusion  to 
be  correct. 


7.2.2  Q-Point  Shift 


Q-point  shift 

A  condition  where  a  change  in 
operating  temperature  results  in 
a  change  in  tc  and  VCB. _ 


A  Practical  Consideration: 

Cooling  an  amplifier 
(decreasing  its  temperature)  has 
^9®°sitee&ect:Araand/c 


Even  though  they  are  easy  to  build  and  analyze,  base-bias  circuits  are  rarely  used  in  any 
applications  that  require  the  use  of  midpoint-biased  amplifiers.  The  reason  is  the  fact  that 
base-bias  circuits  are  extremely  susceptible  to  a  problem  called  Q-point  shift.  The  term 
Q-point  shift  describes  a  condition  where  a  change  in  operating  temperature  results  in  a 
change  in  the  Q-point  values  of  Ic  and  VCE. 

If  you  look  at  the  equation  for  VCE,  you  can  see  that  VCE  will  change  if  Ic  changes.  If 
you  look  at  the  equation  for  Ic,  you’ll  see  that  the  value  of  Ic  will  change  if  either  IB  or 
hEE  changes.  As  you  were  shown  in  Chapter  6,  dc  beta  (hFE)  varies  with  temperature. 

If  temperature  increases,  hFE  also  increases.  When  hFE  increases,  Ic  increases.  This 
increase  in  Ic  causes  a  decrease  in  VCE.  Thus,  an  increase  in  temperature  results  in  an 
increase  in  Ic  and  a  decrease  in  VCE.  When  this  occurs,  the  circuit  will  no  longer  be  mid¬ 
point  biased.  This  point  is  illustrated  in  the  following  example. 


EXAMPLE  7.6 _ 

The  transistor  in  Figure  7.12  has  values  of  hFE  —  100  when  T  =  25 °C  and  hFE  = 
150  when  T  =  100°C.  Determine  the  Q-point  values  of  Ic  and  VCE  at  both  of  these 
temperatures. 


Solution:  This  is  the  same  circuit  that  we  analyzed  in  Example  7.3.  At  that  time, 
we  calculated  the  following  values  (when  hFE  =  100): 


l„  =  20.28  p,A 
/.  =  2.028  mA 
VCE  =  3.94  V 
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+8  V 


FIGURE  7.12 


Lab  Reference:  Base-bias 
instability  is  demonstrated  in 
Exercise  7. 


When  T  =  100°C,  the  value  of  hFE  changes  to  150.  Assuming  that  we  have  the 
same  initial  value  of  IB,  the  new  value  of  Ic  is  found  as 

It  =  Ws  =  (150X20.28  (iA)  =  3.04  mA 


Using  this  value  of  Ic,  the  new  value  of  VCE  is  found  as 


Vce  =  Vcc  ~  IcRc  =  8  V  -  (3.04  mA)(2  kft)  =  1.92 

If&it  svT4  \y-y-.  ,<  :  A‘,/  c  'ii  A-  Av  -  AA-.  '  /'■As*  A  A  AA' J  f  ?  Kiv;  *  ■ 


As  you  can  see,  the  amplifier  is  nowhere  near  midpoint  biased  when  the  tempera¬ 
ture  increases  to  100°C.  This  is  not  acceptable  for  a  linear  amplifier,  which  requires 
midpoint  bias  for  optimum  ac  operation. 

Practice  Problem  7.6 

Refer  to  Practice  Problem  7.3.  The  value  of  hFE  shown  in  this  practice  problem  was 
measured  at  25°C.  Determine  the  g-point  values  for  the  circuit  at  100°C  if  the 
value  of  hFE  at  this  temperature  is  380. 


Since  the  g-point  values  of  Ic  and  VCE  for  the  base-bias  circuit  are  affected  by  changes 
in  hFE,  the  circuit  is  referred  to  as  a  beta-dependent  circuit.  As  we  continue  our  discus¬ 
sion  on  dc  biasing  circuits,  we  will  concentrate  on  several  beta-independent  circuits; 
that  is,  circuits  whose  g-point  values  are  independent  of  hFE  and,  therefore,  relatively 
stable  against  changes  in  temperature. 

7.2.3  Base-Bias  Applications 

Because  they  are  susceptible  to  g-point  shift,  base-bias  circuits  are  rarely  used  in  any 
applications  requiring  midpoint  bias.  Base-bias  circuits  are  used  primarily  in  switching 
applications.  When  a  transistor  is  used  as  a  switch,  it  is  constantly  driven  back  and  forth 
between  saturation  and  cutoff,  eliminating  the  need  for  midpoint  bias.  Switching  circuit 
applications  for  base-bias  circuits  are  discussed  in  detail  in  Chapter  19. 


Beta-dependent  circuit 

A  circuit  with  g-point  values 
that  are  affected  by  changes 
in  hFE. 

Beta-independent  circuit 

A  circuit  with  g-point  values 
that  are  not  affected 
significantly  by  changes  in  hFE. 


7.2.4  Summary 


The  base-bias  circuit  is  the  simplest  of  the  dc  biasing  circuits.  The  characteristics  and 
applications  of  this  circuit  are  summarized  in  Figure  7.13. 


7.2.5  One  Final  Note 

Throughout  this  section,  we  have  referred  to  the  Q-point  values  ofIc  and  VCE.  To  simplify 
future  discussions,  we  will  use  the  labels  lCQ  and  VCeq  to  represent  the  g-point  values  of 
I c  and  Vce- 


The  g-point  value  of  Ic. 

v CEQ 

The  g-point  value  of  VCE. 
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7.3  Voltage-Divider  Bias 


FIGURE  7.13 


1.  Describe  the  construction  and  current  paths  in  a  base-bias  circuit. 

2.  What  is  the  goal  of  the  dc  analysis  of  an  amplifier? 

3.  List  the  steps  taken  to  determine  the  Q- point  values  of  lc  and  VCE  ( ICQ  and  VCeq)- 

4.  Once  you  have  calculated  the  values  of  1CQ  and  VCEQ  for  an  amplifier,  how  can  you 
determine  whether  the  circuit  is  midpoint  biased? 

5.  What  is  Q-point  shift ? 

6.  Describe  the  Q-point  shift  process. 

7.  What  is  a  beta-dependent  circuit ? 

8.  What  is  a  beta-independent  circuit  ? 

9.  Explain  how  the  transistor  in  Figure  7.9  can  be  driven  into  saturation  by  increasing 
the  value  of  the  collector  resistor  (7?c). 


Section  Review  ► 


Critical  Thinking  ► 


OBJECTIVE  6  ►  Voltage-divider  bias  is  by  far  the  most  commonly  used  biasing  scheme.  As  shown  in  Fig¬ 
ure  7.14,  voltage-divider  bias  is  similar  in  form  to  base  bias,  with  the  following  exceptions: 

■  A  resistor  ( R2 )  has  been  added  between  the  base  terminal  of  the  transistor  and 
ground. 

*  A  resistor  ( RE )  has  been  added  to  the  emitter  circuit. 

As  you  will  see,  these  modifications  result  in  a  biasing  circuit  with  values  of  ICq  and 
VCEq  that  are  relatively  stable  against  variations  in  hFE. 


Voltage-divider  bias 

A  biasing  circuit  that  contains  a 
voltage  divider  in  its  base 
circuit.  This  type  of  bias  is 
sometimes  referred  to  as 

universal  bias. 
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FIGURE  7.14  Voltage-divider  bias. 
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+10  V 


FIGURE  7.15 


Because  ICQ  =  IE,  we  can  calculate  the  approximate  the  value  of  ICQ  using 


Ve  1.37  V 
Re  1.1  kft 


=  1.25  mA 


Finally,  VCeq  is  found  as 

Vceq  =  Vcc  -  Icd-Rc  +  Re)  =  10  V  -  (1.25  mA)(4.1  k ft) 

=  4.87  V 


Practice  Problem  7.7 

A  circuit  like  the  one  in  Figure  7.15  has  the  following  values:  Rc  =  620  Cl,  RE  = 
180  ft,  R]  =  12  kft,  R2  =  2.7  kft,  and  Vcc  =  10  V.  Determine  the  values  of  ICQ 
and  VCEq  for  the  circuit. 


Once  the  value  of  IE  is  known,  the  value  of  IB  can  be  found  simply  by  using  equation 
(6.5),  which  can  be  rewritten  as 


(7.11) 


EXAMPLE  7.8 _ 

Determine  the  value  of  IB  for  the  circuit  shown  in  Figure  7.16. 

+20  V 


FIGURE  7.16 
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Solution:  First,  VB  is  found  as 


Practice  Problem  7.8 

Determine  the  value  of  IB  for  the  circuit  described  in  Practice  Problem  7.7.  Assume 
that  the  value  of  hFE  for  the  transistor  is  200. 


7.3.2  Which  Value  of  hFE  Do  I  Use? 

When  you  are  analyzing  a  voltage-divider  bias  circuit  (or  any  other  dc  biasing  circuit,  for 
that  matter),  you  will  often  have  to  refer  to  the  spec  sheet  for  the  transistor  to  obtain  its 
value  of  hFE.  The  only  problem  is  that  the  spec  sheet  may  not  list  a  single  value  of  hFE. 
Normally,  a  transistor  spec  sheet  (like  the  one  shown  in  Figure  7.17)  will  list  any  combi¬ 
nation  of  the  following  values: 

1.  A  maximum  value  of  hFE. 

2.  A  minimum  value  of  hFE. 

3.  A  typical  value  of  hFE. 


When  only  one  value  of  hFE  is  listed  on  the  spec  sheet,  you  must  use  that  value  in  any 
circuit  analysis. 

When  two  or  more  values  of  hFE  are  listed,  you  should  first  look  to  see  if  one  of  them 
is  the  typical  value  of  hFE.  If  a  typical  value  is  listed,  use  that  value. 

When  the  spec  sheet  lists  a  minimum  value  and  a  maximum  value  of  hFE,  you  must  use 
the  geometric  average  of  the  two  values.  The  geometric  average  of  hFE  is  found  as 


(7.12) 


The  following  example  illustrates  the  use  of  hFE( ave)  in  the  analysis  of  a  transistor 
amplifier. 
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2N3903,  2N3904 


ELECTRICAL  CHARACTERISTICS  TA  =  25°C  unless  otheiwise  noted) 


Characteristic 

Symbol 

Min 

Unit 

OFF  CHARACTERISTICS 

Collector-Emitter  Breakdown  Voltage  (Note  2.)  (Iq  =  1.0  mAdc,  Iq  =  0) 

v(BR)CEO 

40 

- 

Vdc 

Collector-Base  Breakdown  Voltage  (lc  =  10  pAdc,  lg  =  0) 

v(BR)CBO 

60 

- 

Vdc 

Emitter-Base  Breakdown  Voltage  (1^  =  10  pAdc,  lc  =  0) 

v(BR)EBO 

6.0 

- 

Vdc 

Base  Cutoff  Current  (Vqe  =  30  Vdc,  Veb  =  3.0  Vdc) 

'BL 

- 

50 

nAdc 

Collector  Cutoff  Current  (Vce  =  30  Vdc,  Veb  =  3.0  Vdc) 

'CEX 

- 

50 

nAdc 

ON  CHARACTERISTICS 

DC  Current  Gain  (Note  2.) 

hFE 

- 

(Iq  =  0.1  mAdc,  Vqe  =  1  0  Vdc) 

2N3903 

20 

- 

2N3904 

40 

- 

(lc  =  1-0  mAdc,  Vce  -1.0  Vdc) 

2N3903 

35 

- 

2N3904 

70 

- 

(1C  *  1 0  mAdc,  Vce  =  10  Vdc) 

2N3903 

50 

150 

2N3904 

100 

300 

(lc  =  50  mAdc,  Vce  = 1  o  Vdc) 

2N3903 

30 

- 

2N3904 

60 

- 

(lc  =  100  mAdc,  Vce  =  10  Vdc) 

2N3903 

15 

- 

2N3904 

30 

- 

Collector-Emitter  Saturation  Voltage  (Note  2.) 

vCE(sat) 

■■ 

Vdc 

(lc  =  10  mAdc,  Iq  s  1.0  mAdc) 

- 

(Iq  =  50  mAdc,  Ib  =  5.0  mAdc 

- 

mm. 

Base-Emitter  Saturation  Voltage  (Note  2.) 

vBE(sat) 

Vdc 

(1C  =  10  mAdc,  Ib  =  1.0  mAdc) 

0.65 

0.85 

Oc  =  50  mAdc,  Ib  =  5.0  mAdc) 

- 

0.95 

SMALL-SIGNAL  CHARACTERISTICS 


Current-Gain  -  Bandwidth  Product 

Oc  =  10  mAdc,  Vce  =  20  Vdc,  f  =  100  MHz) 

2N3903 

2N3904 

hr 

250 

300 

MHz 

Output  Capacitance  (Vce  =  6.0  Vdc,  Ig  =  0,  f  =  1 .0  MHz) 

Cobo 

- 

pF 

Input  Capacitance  (V^b  =  0.5  Vdc,  lc  =  0,  f  =  1 .0  MHz) 

Cibo 

- 

8.0 

pF 

Input  Impedance 

kn 

Oc  =  1.0  mAdc,  Vce  =  1°  Vdc,  f-  1.0  kHz) 

2N3903 

1.0 

8.0 

2N3904 

1.0 

10 

Voltage  Feedback  Ratio 

X  10-4 

(lc  =  1.0  mAdc,  Vce  =  10  Vdc,  f  =  1 .0  kHz) 

2N3903 

0.1 

5.0 

2N3904 

0.5 

8.0 

Small-Signal  Current  Gain 

_ 

(lc  =  1-0  mAdc,  Vce  =  1 0  Vdc,  f  -  1 .0  kHz) 

2N3903 

50 

200 

2N3904 

100 

400 

Output  Admittance  (lc  =  10  mAdc,  Vce  =  10  Vdc,  f  *  1.0  kHz) 

hoe 

1.0 

40 

(imhos 

Noise  Figure 

NF 

dB 

(1C  *  100  nAdc,  Vce  =  5.0  Vdc,  Rg  =  1.0  k  ft  f  =  1.0  kHz) 

2N3903 

- 

2N3904 

SWITCHING  CHARACTERISTICS 


Delay  Time 

(Vce  =  3-0  Vdc,  Vbe  =  0.5  Vdc, 
lc  =  10  mAdc,  Ibi  =  1.0  mAdc) 

Id 

- 

35 

ns 

Rise  Time 

V 

- 

35 

ns 

Storage  Time 

(Vqc  55  3.0  Vdc,  lc  =  10  mAdc, 

2N3903 

_ 

175 

ns 

lB1  =  *B2  =  I  -0  mAdc) 

2N3904 

- 

200 

Fall  Time 

it 

- 

50 

ns 

2.  Pulse  Test:  Pulse  Width  <  300  ns;  Duty  Cycle  <  2%. 


FIGURE  7.17  Electrical  characteristics  listing  for  the  2N3904.  (Copyright  of  Semicon¬ 
ductor  Component  Industries,  LLC.  Used  by  permission.) 
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EXAMPLE  7.9 


A  voltage-divider  bias  circuit  has  the  following  values:  =  1.5  kft,  R2  =  680  ft, 

Rc  =  260  ft,  Re  =  240  ft,  and  Vcc  =  + 10  V.  Assuming  the  transistor  is  a  2N3904, 
determine  the  value  of  IB  for  the  circuit. 

Solution:  First,  VB  is  found  as 


V*  =  Vcc 


Ro 


Ri  +  R2 


(10  V) 


680  ft 
2180  ft 


3.12  V 


and  VE  is  found  as 


VB  =  VB-  0.7  V  =  3.12V  -  0.7  V  =  2.42V 


Now,  the  value  of  ICQ  is  approximated  as 


*CQ  ~ 


R, 


E 


=  ^S10mA 
740  O 


Assuming  that  ICq  =  10  mA,  we  check  the  specification  sheet  shown  in  Figure 
7.17.  As  shown,  beta  (hFE)  has  a  range  of  100  to  300  when  Ic  =  10  mA;  thus 
hFE( ave)  is  found  as 

*TO«ve)  =  VAFE(min)  X  hFE(jma)  -  V 100  X  300  =  173 


Finally,  IB  is  found  as 


Practice  Problem  7.9 

Determine  the  value  of  IB  for  the  circuit  in  this  example,  if  Q,  is  replaced  with  a 
2N3903. 


7.3.3  Bias  Stability 

Earlier,  you  were  told  that  voltage-divider  bias  is  the  most  commonly  used  biasing 
scheme.  One  reason  is  that  it  is  a  beta-independent  circuit ;  that  is,  it  provides  values  of 
ICQ  and  VCEQ  that  are  highly  stable  against  changes  in  beta  (hFE).  This  stability  can  be 
demonstrated  using  the  values  found  in  Example  7.9. 

In  Example  7.9,  we  calculated  a  value  of  1Cq  —  10  mA.  Let’s  assume  that  the  transistor 
emitter  current  (IE)  is  exactly  10  mA,  and  that  the  transistor  has  a  range  of  hFE  =  100  to 
300.  At  hFE  =  100, 


/  lE 

10  mA 

100  pA 

and 

B 

11111 

B  hFE  +  1 

101 

300, 

10  mA 

301 

33p,A 

and 

lCQ 

—  IE 

-  lB  =  9.97  mA 

As  you  can  see,  ICQ  hardly  changes  over  the  entire  range  of  hFE  for  the  transistor.  As  a 
result,  any  changes  in  hFE  have  little  effect  on  the  <2-point  of  a  voltage-divider  bias  circuit. 
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7.3.4  Saturation  and  Cutoff 


The  dc  load  line  for  the  voltage-divider  bias  circuit  is  plotted  using  the  end  points  of  /C(sa t) 
and  VC£(off)-  When  the  transistor  is  saturated,  VCE  is  approximately  equal  to  0  V.  Thus,  the 
collector  current  equals  the  supply  voltage  divided  by  the  total  resistance  between  Vcc 
and  ground.  By  formula. 


^C(sat)  ~ 


*CC 


(7.13) 


Rc  +  Re 

When  the  transistor  is  in  cutoff,  all  the  supply  voltage  is  dropped  across  the  transistor.  Thus, 

^c£(off)  =  VCc  (7.14) 


Using  these  equations,  the  dc  load  line  for  the  circuit  in  Example  7.9  is  plotted  as  shown 
in  Figure  7.18. 


FIGURE  7.18  The  dc  load  line  for  the  circuit  in  Example  7.9. 


7.3.5  Base  Voltage:  A  Practical  Consideration 


According  to  equation  (7.6),  the  value  of  VB  for  a  voltage-divider  bias  circuit  can  be 
found  as 


,,  R 

’ 

vn  —  v  cc 

R,  -1 

_  n 

* 

2 

As  you  will  see,  this  relationship  is  actually  an  approximation  because  it  does  not  take 
into  account  the  input  resistance  of  the  transistor  base  terminal. 


Base  Input  Resistance 

Figure  7.19  shows  the  base  and  emitter  currents  of  a  voltage-divider  bias  circuit.  liquation 
(6.5)  defines  the  relationship  between  IB  and  IE  as  follows: 

1e  ~  Ib(Hfe  +  1) 

If  we  assume  that  hFE  7>>  1,  then  we  can  rewrite  this  relationship  as 


h  —  hFEIfi 

Just  as  current  is  magnified  by  a  factor  of  hFE  from  base  to  emitter,  RE  is  magnified  by  a 
factor  of  hFE  from  emitter  to  base.  As  a  result,  the  transistor  has  a  measurable  amount  of 
base  input  resistance,  or  J?/A,-(bllsc).  The  value  of  this  resistance  can  be  found  as 

RlN  (base)  —  hFERE  (7.15) 
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vcc 

Q 


FIGURE  7.19 

This  relationship  is  derived  in  Appendix  D  and  is  demonstrated  in  Example  7.10. 

EXAMPLE  7.10 _ 

Determine  the  base  input  resistance  of  the  transistor  in  Example  7.9. 

Solution:  Using  the  values  of  hFE^ve)  =  173  and  RE  =  240  Cl,  the  base  input 
resistance  of  the  transistor  is  found  as 


(173X2400)  =  4l.5kn 


Practice  Problem  7.10 

A  voltage-divider  bias  circuit  has  values  of  hFE  =  100  to  450  and  RE  =  1  kO.  Cal¬ 
culate  the  base  input  resistance  of  the  transistor. 


The  Effect  of  Rin( base)  on  the  Biasing  Circuit 

The  effect  of  R[N( baSe)  on  voltage-divider  bias  is  illustrated  in  Figure  7.20.  When  we  replace 
the  base  of  the  transistor  with  its  resistive  equivalent  ( hFERE ),  we  can  see  that  this  resis¬ 
tance  is  in  parallel  with  R2.  Therefore,  the  resistance  from  the  connection  point  to  ground 
( Req )  can  be  found  as 

Req  ^2  II  ^Wtbase)  (7.16) 


FIGURE  7.20 


(a) 


(b) 


Section  7.3 


Voltage-Divider  Bias 


257 


Taking  this  parallel  equivalent  resistance  into  account,  a  more  accurate  value  of  VB  can  be 
found  as 

R 

VB  =  vcc  KQ .  |  Rbq  =  R2  II  hFERE  (7.17) 

rri  1  K-f.q 


When  hFERE  is  greater  than  or  equal  to  1 0/?2,  we  generally  ignore  its  effect  on  the 
value  of  VB.  Otherwise,  we  account  for  its  effect  on  the  value  of  VB,  as  demonstrated  in 
the  following  example. 


EXAMPLE  7.11 _ 

Determine  the  values  of  ICQ  and  VCEq  for  the  amplifier  shown  in  Figure  7.21. 


+20  V 


FIGURE  7.21 


Solution:  The  value  of  hFERE  for  the  amplifier  is  found  as 
hEERE  =  (50)0.1  kft)  =  55kft 

Since  this  value  is  less  than  10  times  the  value  of  R2,  we  use  equations  (7.16)  and 
(7.17)  to  determine  the  value  of  VB  as  follows: 


Req  -  Ri 


and 


'£0 


>cc  ‘ 


=  (20  V)  • 


8.46  kil 


+  REQ  '68  kll  +  8.46  kfi 

The  rest  of  the  problem  is  solved  in  the  usual  fashion  as  follows: 

VE  =  VB  ~  0.7  V  =  1.51  V 


=  2.21V 


and 


Finally, 


VE 

/ce  =  /E-  - 


1.51 
1.1  kO 


=  1.37  mA 


Vceq  =  Vcc  -  IcqRc  +  Re)  =  20  V  -  (1.37  mA)(7.3  kfl)  =  9.99  V 


Practice  Problem  7.11 

Assume  that  the  transistor  in  Figure  7.21  has  a  value  of  hFE  =  80.  Recalculate  the 
values  of  ICQ  and  VCEQ  for  the  circuit. 
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7.3.6  Estimating  the  Value  of  ICq 

You  may  have  noticed  that  we  have  a  bit  of  a  problem.  To  determine  whether  Rm base) 
must  be  considered  in  the  calculation  of  VB,  we  have  to  know  the  value  of  hFE.  However, 
we  need  to  know  the  value  of  ICQ  to  find  the  value  of  hFE  on  any  spec  sheet.  And  we  can¬ 
not  determine  the  value  of  ICQ  without  having  first  determined  the  value  of  VB. 

To  determine  the  value  of  hFE  when  the  value  of  VB  isn’t  certain,  we  need  to  determine 
the  approximate  value  of  ICq-  We  can  approximate  the  value  of  ICq  by  assuming  that  the 
circuit  is  midpoint  biased.  If  the  circuit  is  midpoint  biased,  then  ICQ  is  approximately  half 
the  value  of  7C(sa t).  Therefore,  to  determine  which  value  of  hFE  to  use: 

1.  Calculate  the  value  of  7C(sat). 

2.  Approximate  ICq  as  being  half  the  calculated  value  of  7C(sal).  Once  you  have  approx¬ 
imated  the  value  of  ICQ,  you  can  use  that  approximated  value  to  look  up  the  value  of 
hFE  on  the  spec  sheet  of  the  transistor.  Then,  use  the  value  of  hFE  from  the  spec 
sheet  to  proceed  with  your  analysis. 

The  validity  of  this  method  can  be  seen  by  referring  to  Example  7.1 1.  Using  equation 
(7.13),  the  value  of  /C(sa t)  for  the  circuit  is  calculated  to  be  2.74  mA.  Half  of  7C(sa t)  would 
then  be  1.37  mA,  which  equals  the  calculated  value  of  ICQ  in  the  example. 

You  may  be  wondering  why  we  can  assume  that  every  voltage-divider  bias  circuit  is 
designed  for  midpoint  bias.  The  reason  is  simple:  Voltage-divider  bias  circuits  are  used 
primarily  as  linear  amplifiers.  As  stated  earlier  in  the  chapter,  these  amplifiers  are  almost 
always  designed  for  midpoint  bias  to  provide  for  the  largest  possible  output. 


7.3.7  Circuit  Troubleshooting 

As  stated  earlier,  voltage-divider  bias  circuits  are  typically  used  as  linear  amplifiers.  As 
such,  they  tend  to  have  terminal  voltages  that  are  predictable  under  normal  circumstances. 
Typically,  a  working  voltage-divider  biased  amplifier  has  the  following  values: 

VCC 

1.  Vc  is  slightly  greater  than  — . 

Vcc 

2.  VE  is  somewhere  around  — . 

3.  VB  is  approximately  0.7  V  greater  than  VE. 

Note  that  these  guidelines  are  written  for  npn  circuits,  but  they  apply  (in  principle)  to  pnp 
circuits  as  well.  In  this  section,  we  will  discuss  some  problems  that  can  arise  in  a  voltage- 
divider  biased  amplifier  and  their  symptoms. 


Rx  Open 

When  /?i  is  open,  there  is  no  path  for  current  in  the  base  circuit.  Therefore,  no  voltage  is 
developed  across  R2,  and  VB  is  zero.  The  loss  of  VB  causes  the  transistor  to  be  biased  off. 
Thus,  there  is  no  emitter  current,  and  VE  equals  0  V. 

Without  any  current  in  the  collector  circuit,  IcRc  equals  0  V,  and  Vc  equals  Vcc.  Thus, 
the  following  circuit  conditions  exist  when  /?,  is  open: 

1.  VB  is  0  V. 

2.  VE  is  0  V. 

3.  Vc  equals  Vcc- 

These  circuit  conditions  are  illustrated  in  Figure  7.22a. 


J? 2  Open 

If  R2  goes  open  circuit,  the  current  through  Rt  equals  IB.  Since  this  current  normally 
equals  (I2  +  IB),  the  current  through  R1  decreases  significantly.  This  causes  the  voltage 
drop  across  R  i  to  decrease,  and  VB  increases.  The  increase  in  VB  causes  the  transistor  to 
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vcc 
+10  V 


Symptoms:  1^  =  0  V 
t/s  =  0V 
VE=  Vcc 


(a) 


vcc 

+10  V 


-  Symptoms:  VEsOV 

VB=  VE  +  0.7  V 

vc=vB 

(c) 

FIGURE  7.22  Voltage-divider  bias  fault  system. 


Vcc 

+10V 


Symptoms:  VE=  /C(sat)flE 
t/Bs  l/E  +  0.7  V 
1/C=l/E 


(b) 


Vcc 

+10  V 


Symptoms:  VE=  VB 


VB  is  near  normal 
vc-  vcc 
(d) 


saturate.  Thus,  Vc  and  VE  are  very  close  to  equal  in  value,  and  Ic  equals  7C(sat).  The  exist¬ 
ing  circuit  conditions  are  summarized  as  follows: 

1.  VB  equals  VE  +  0.7  V. 

2.  V g  equals  RE  X  /c(Sao. 

3.  Vc  is  approximately  equal  to  VE. 

These  circuit  conditions  are  illustrated  in  Figure  7.22b. 

Rc  Open 

When  Rc  opens,  there  is  no  path  for  collector  current.  In  this  case,  IE  equals  IB,  and  the 
value  of  VE  drops  significantly.  The  value  of  VB  is  still  approximately  0.7  V  greater  than 
VE.  In  summary: 

1.  VB  is  approximately  0.7  V  greater  than  VE. 

2.  VE  is  slightly  greater  than  0  V. 

3.  Vc  is  approximately  equal  to  VE. 
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In  other  words,  all  three  terminal  voltages  are  low.  These  circuit  conditions  are  illustrated 
in  Figure  7.22c. 

Re  Open 

When  Re  opens,  there  is  no  emitter  current  or  collector  current.  The  base  current  in  the 
circuit  drops  to  zero,  but  this  has  little  effect  on  the  value  of  VB  (which  is  approximately 
equal  to  /2/?2  under  normal  circumstances). 

When  you  read  the  emitter  voltage  with  a  voltmeter,  the  meter  completes  the  circuit,  as 
shown  in  Figure  7.23.  As  a  result,  the  meter  creates  a  path  for  transistor  emitter  current 
through  the  meter  resistance  ( Rm ),  causing  you  to  obtain  a  reading  that  is  somewhat 
higher  than  normal.  The  collector  voltage  equals  Vcc  since  there  is  no  current  in  the  col¬ 
lector  circuit.  In  summary: 

1.  VB  is  normal. 

2.  The  meter  reading  of  VE  may  be  slightly  higher  than  normal. 

3.  Vc  equals  Vcc- 

These  circuit  conditions  are  illustrated  in  Figure  7.22d. 


FIGURE  7.23  The  meter  connection  completes  the  emitter  circuit. 

Qi  Open 

This  condition  gives  you  the  same  output  readings  as  having  an  open  Rt;  that  is,  the  tran¬ 
sistor  will  be  in  cutoff.  A  simple  check  of  the  transistor  (as  outlined  in  Chapter  6)  or  a 
resistance  reading  of  Rt  tells  you  which  of  the  two  components  is  faulty. 

Leaky 

The  term  leaky  is  used  to  describe  a  transistor  that  is  partially  shorted  from  emitter  to  col¬ 
lector.  When  a  transistor  is  leaky,  it  may  appear  to  be  saturated,  even  when  it  should  not 
be.  The  collector  and  emitter  voltages  may  be  nearly  equal,  and  the  0.7  V  drop  from  emit¬ 
ter  to  base  will  still  be  there.  When  a  transistor  is  leaky,  it  must  be  replaced. 


7.3.8  Practical  Troubleshooting  Considerations 

When  you  are  troubleshooting  any  dc  biasing  circuit,  a  few  practical  considerations 
should  be  kept  in  mind.  These  points,  which  can  save  you  a  great  deal  of  time  and  trou¬ 
ble,  are  as  follows: 

1.  Standard  carbon  resistors  do  not  short  internally.  When  a  carbon-composition 
resistor  appears  to  be  short  circuited,  the  short  is  caused  by  one  of  two  conditions: 
a.  Another  component,  wire,  copper  run  (on  a  printed  circuit  board),  or  solder 
bridge  has  shorted  the  component.  In  this  case,  the  problem  is  solved  by  remov¬ 
ing  the  cause  of  the  short. 


Lab  Reference:  Several  voltage- 
divider  bias  circuit  faults  are 
simulated  in  Exercise  8. 


Leaky 

A  term  used  to  describe  a 
component  that  is  partially 
shorted. 


What  can  cause  a  carbon 
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b.  The  wrong  resistor  value  has  been  used  in  the  circuit.  It  is  not  uncommon  for  peo¬ 
ple  to  misread  the  color  code  on  a  resistor.  If  a  circuit  calls  for  a  10  kl  1  resistor  and 
you  accidentally  use  a  100  il  resistor,  the  resistor  will  appear  as  a  short  circuit. 

If  Rc  is  shorted,  the  collector  terminal  will  be  at  Vcc.  If  RE  is  shorted,  the  emitter 
terminal  will  be  at  ground.  In  either  case,  the  transistor  will  not  last  long. 

2.  An  open  resistor  can  normally  be  checked  without  any  test  equipment.  When  a 
resistor  goes  open  circuit,  it  usually  burns  open.  Because  of  this,  the  component 
will  normally  have  a  single  color  band:  black  from  end  to  end.  In  most  cases,  you 
can  troubleshoot  an  open  resistor  simply  by  looking  at  it.  If  it  has  turned  black  or 
the  wire  or  copper  run  connected  to  the  component  shows  signs  of  burning,  the 
resistor  probably  needs  to  be  replaced. 

As  a  final  note,  do  not  overlook  the  obvious.  If  the  power  supply  is  out,  a  bias  circuit 
will  not  work.  If  a  transistor  is  placed  in  a  circuit  using  the  wrong  connections,  the  circuit 
will  not  work.  The  bottom  line  is  this:  When  you  are  troubleshooting,  look  for  the  obvi¬ 
ous  first.  Then,  if  you  need  to,  use  your  test  equipment  to  troubleshoot  the  circuit.  See 
what  the  circuit  is  doing  as  opposed  to  what  it  should  be  doing.  Then,  based  on  the  com¬ 
parison,  check  the  suspected  components. 


7.3.9  Summary 

Voltage-divider  bias  is  one  of  the  most  commonly  used  BJT  biasing  circuits.  It  has  values 
of  ICq  and  VCEQ  that  are  extremely  stable  against  changes  in  transistor  current  gain  (hFE). 

The  process  for  determining  the  values  of  ICq  and  VCEq  is  not  really  too  complicated. 
However,  you  must  remember  two  points: 

1.  Start  by  assuming  that  ICQ  is  approximately  half  of  /C(sa t). 

2.  Using  the  assumed  value  of  ICQ,  obtain  the  value  of  hFE  from  the  transistor  spec 
sheet  to  determine  whether  the  base  input  resistance  must  be  considered  when 
calculating  VB. 

The  characteristics  of  (and  circuit  relationships  for)  voltage-divider  bias  are  summarized 
in  Figure  7.24. 
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Critical  Thinking  ► 


1.  List,  in  order,  the  steps  required  to  determine  the  values  of  lCQ  and  VCEQ  for  a  voltage- 
divider  bias  circuit. 

2.  What  is  the  procedure  for  determining  the  proper  spec  sheet  value  of  hFE  for  the 
analysis  of  a  circuit? 

3.  What  additional  steps  must  be  taken  in  the  analysis  of  a  voltage-divider  bias  circuit 
when  hFERE  <  10 R21 

4.  Why  do  you  need  to  know  how  to  estimate  the  value  of  7Cg? 

5.  How  do  you  estimate  the  value  of  /CQ? 

6.  Why  is  estimating  the  value  of  ICq  valid  in  most  cases? 

7.  List  the  characteristic  symptoms  that  develop  when  each  of  the  resistors  opens  in  a 
voltage-divider  bias  circuit. 

8.  Would  the  “10  times”  guideline  for  ignoring  the  value  of  hFERE  be  valid  for  a  biasing 
circuit  using  1%  precision  resistors?  Explain  your  answer. 


Other  Transistor  Biasing  Circuits 


In  this  section,  we  will  discuss  several  other  beta-independent  biasing  circuits.  While  these 
circuits  are  not  used  as  commonly  as  voltage-divider  bias  circuits,  they  can  be  used  in  a  vari¬ 
ety  of  applications.  For  this  reason,  you  should  be  familiar  with  their  operating  principles. 
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FIGURE  7.24 


7.4.1  Emitter-Bias  Circuits 

An  emitter-bias  circuit  consists  of  several  resistors  and  a  dual-polarity  power  supply ,  4  OBJECTIVE  9 

as  shown  in  Figure  7.25.  The  current  action  in  this  circuit  is  basically  the  same  as  that 
of  voltage-divider  bias.  In  this  case,  collector  current  originates  at  the  collector  power 
supply  ( VCc ),  while  the  base  current  is  drawn  from  the  ground  connection.  The  emitter 
current  (which  equals  the  sum  of  the  base  and  collector  currents)  is  drawn  to  the  emit¬ 
ter  power  supply  (~VEE). 

Circuit  Currents  and  Voltages 

Emitter-bias  circuits  are  always  designed  so  that  VB  =  0  V.  For  example,  if  we  assume  the 
circuit  shown  in  Figure  7.25  has  a  value  of  IB  =  100  |xA,  then 

VB  =  IbRb  =  (100  (xA)(100  O)  =  10  mV 

If  we  assume  the  circuit  shown  in  Figure  7.25  has  an  ideal  value  of  VB  =  0  V,  then  we 
can  represent  the  circuit  as  shown  in  Figure  7.26a.  Using  a  diode  to  represent  the  base- 
emitter  junction  of  the  transistor,  we  get  the  equivalent  circuit  shown  in  Figure  7.26b.  As 
this  circuit  illustrates, 

vE  =  ov  vBE=  -vBE 


Emitter  bias 

A  bias  circuit  that  contains  a 
dual-polarity  power  supply  and 
a  grounded  base  resistor. 
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According  to  Kirchhoff’s  voltage  law,  the  voltage  across  the  emitter  resistor  (VRE)  must 
equal  the  difference  between  VE  and  VEE.  Since  VE  =  -  VBE, 


Using  (VEE  +  VBE)  and  RE.  the  value  of  the  emitter  current  can  be  found  as 


(7.18) 


Assuming  that  ICQ  =  lE  and  VBE  =  0.7  V,  the  above  relationship  can  be  rewritten  as 


(7.19) 


Lab  Reference:  The  output 
stability  of  emitter  bias  is 
demonstrated  in  Exercise  9. 


Note  that  the  absolute  value  of  ( VEE  +  0.7  V)  is  used  in  equation  (7.19)  to  obtain  a 
positive  value  of  ICQ ■  Also  note  that  hFE  is  not  involved  in  equation  (7.19).  indicating 
that  emitter  bias  provides  output  values  that  are  highly  stable  against  variations 
in  beta. 
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The  practical  analysis  of  the  emitter-bias  circuit  involves  only  two  steps.  First,  we  cal¬ 
culate  the  approximate  value  of  ICQ  using  equation  (7.19).  Then,  we  calculate  the  approx¬ 
imate  value  of  VCEQ  using 


Vceq  =  fee  IcqRc:  (7.20) 

This  equation  is  based  on  the  fact  that  VE  =  —0.7  V.  If  we  assume  this  potential  to  be  cor¬ 
rect,  then  Kirchhoff’s  voltage  law  tells  us  that 


-0.7  V  +  VCEQ  +  IcqRc  =  Vcc 


or 


Vceq  —  V cc  IcqRc  +  0.7  V 

When  ICqRc  ^  0.7  V,  which  is  normally  the  case,  we  can  ignore  —  VE,  leaving  us  with 
the  relationship  given  in  equation  (7.20).  Example  7.12  demonstrates  the  Q-point  analysis 
of  an  emitter-bias  circuit. 


EXAMPLE  7.12 _ 

Determine  the  values  of  ICQ  and  VCEQ  for  the  amplifier  shown  in  Figure  7.27. 


FIGURE  7.27 


+12  V 


Solution:  First,  the  value  of  ICQ  is  approximated  as 
|V££  +  0.7V| 


Icq  — 


Re 


12  V  + 0.7  V  11.3  V 

— ; 77  "A. - =  7TT7T  =  7.53  mA 

1.5  kft  1.5  kft 


Now,  we  can  solve  for  VCEQ  as 


Vceq  =  Vcc  -  IcqRc  =  12  V  -  (7.53  mA)(750  O) 

635  V 


Practice  Problem  7.12 

A  circuit  like  the  one  shown  in  Figure  7.27  has  the  following  values:  Rc  =  1.5  kO, 
Re  =  3  kfl,  VCc  =  + 15  V,  and  VEE  =  — 15  V.  Determine  the  approximate  values  of 
ICq  and  VCeq  f°r  the  circuit. 
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Saturation  and  Cutoff 

The  presence  of  two  power  supplies  in  the  emitter-bias  circuit  affects  the  values  of  /C(sa t) 
and  VCE(off)-  Normally,  the  two  supply  voltages  are  equal  in  magnitude.  For  example,  if 
Fee  is  + 15  Vdc,  ~VEE  will  be  — 15  Vdc.  When  the  two  supply  voltages  are  equal  in  mag¬ 
nitude,  we  can  use  the  following  equations  to  find  /C(s at)  and  Vcl.:(on-{. 


and 


2VC 


:c 


/C(sat>  ^  +  ^ 


(7.21) 


Vc£<  off)  ~  2VCc 


(7.22) 


Remember,  these  equations  are  valid  only  when  the  two  supply  voltages  are  equal  in  mag¬ 
nitude.  The  following  example  demonstrates  the  process  used  to  find  /C(sat)  and  Vc£(0ff)  in 
this  case. 


EXAMPLE  7.13 _ 

Determine  the  values  of  /C(sat)  and  Vcl.:(off)  for  the  circuit  shown  in  Figure  7.27. 
Solution:  Since  the  supply  voltages  are  equal  in  magnitude,  /C(s at)  is  found  as 


2V, 


*C(sat) 


24  V 


Rr  +  R/  2250  a 


cc 


10.67  mA 


And  the  value  of  VCEuM)  is  found  as 

VeiE(oB)  =  2VCC  ~  24  V 


Practice  Problem  7.13 

Determine  the  values  of  /C(sat)  and  VC£(ofo  for  the  circuit  described  in  Practice 
Problem  7.12. 


If  you  ever  come  across  an  emitter-bias  circuit  that  has  unequal  supply  voltages, 
simply  use  the  difference  between  the  two  supply  voltages  in  place  of  2VCC  in  equations 
(7.21)  and  (7.22). 

The  Basis  of  Equations  (7.21)  and  (7.22) 

The  value  of  /c<sat)  is  determined  by  two  factors: 

1.  Total  voltage  across  the  collector-emitter  circuit. 

2.  Total  resistance  in  the  collector-emitter  circuit. 

The  total  voltage  across  the  collector-emitter  circuit  in  the  emitter-bias  amplifier  is  equal 
to  the  difference  between  the  two  supply  voltages.  Since  these  two  supply  voltages  are 
normally  equal  in  magnitude,  the  difference  between  them  will  be  twice  the  value  of  Vcc. 
Thus,  we  can  normally  use  2  Vcc  in  the  calculation  of  7C(sat).  The  total  resistance  in  the 
collector-emitter  circuit  is  the  sum  of  Rc  and  RE.  Using  the  values  of  2VCC  and  (Rc  +  Re), 
we  obtain  equation  (7.21). 

The  value  of  VcEwm  is  equal  to  the  total  voltage  applied  to  the  collector-emitter 
circuit.  In  the  base-bias  circuit,  the  total  voltage  across  the  circuit  was  equal  to  Vcc. 
In  the  case  of  emitter  bias,  the  total  voltage  is  (again)  equal  to  the  difference  between 
the  supply  voltages,  or  2  VCc  under  normal  circumstances,  and  thus  we  arrive  at  equa¬ 
tion  (7.22). 
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Summary 

The  emitter-bias  circuit  is  a  beta-independent  circuit,  meaning  that  its  output  characteris¬ 
tics  ( VCeq  and  ICQ)  are  not  affected  significantly  by  variations  in  beta.  The  characteristics 
of  the  emitter-bias  circuit  are  summarized  in  Figure  7.28. 


FIGURE  7.28 


7.4.2  Feedback-Bias  Circuits 

The  term  feedback  is  used  to  describe  a  circuit  connection  that  “feeds”  a  portion  of  the 
output  voltage  or  current  back  to  the  input  to  control  the  circuit’s  operating  characteris¬ 
tics.  For  example,  the  collector-feedback  bias  circuit  is  constructed  so  that  the  collector 
voltage  ( Vc )  has  a  direct  effect  on  the  base  voltage  (VB).  The  emitter-feedback  bias  cir¬ 
cuit,  on  the  other  hand,  is  designed  so  that  the  emitter  voltage  ( VE )  has  a  direct  effect  on 
the  base  voltage  (Vb).  As  you  will  see,  these  feedback  connections  reduce  the  effects  that 
variations  in  hFE  have  on  the  Q-point  values  of  each  circuit. 

7.4.3  Collector-Feedback  Bias 

The  collector-feedback  bias  circuit  obtains  its  Q-point  stability  by  connecting  the  base 
resistor  directly  to  the  collector  of  the  transistor.  As  shown  in  Figure  7.29a,  this  circuit 
configuration  looks  quite  similar  to  the  base-bias  circuit.  The  circuit  currents  are  shown  in 
Figure  7.29b.  As  you  can  see,  the  path  for  /fl  includes  the  collector  resistor,  Rc.  This  was 
not  the  case  for  the  base-bias  circuit. 
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Feedback 

A  circuit  connection  that 
“feeds”  a  portion  of  the  output 
voltage  or  current  back  to  the 
input  to  control  the  circuit’s 
operating  characteristics. 
Collector-feedback  bias 
A  bias  circuit  constructed  so 
that  the  collector  voltage  ( Vc ) 
has  a  direct  effect  on  the  base 
voltage  (Vfl). 

Emitter-feedback  bias 

A  biasing  circuit  designed  so 
that  the  emitter  voltage  (V£)  has 
a  direct  effect  on  the  base 
voltage  (VB). 


Lab  Reference:  Collector- 
feedback  bias  operation  is 
demonstrated  in  Exercise  10. 


+  VCc 


FIGURE  7.29  Collector-feedback  bias. 


The  analysis  of  the  collector-feedback  bias  circuit  begins  with  finding  the  value  of  IB. 
OBJECTIVE  10  ►  To  derive  the  equation  for  IB,  we  start  with  Kirchhoff’s  voltage  equation  for  the  base 
circuit  as  follows: 

Vcc  =  V*c  +  V**  +  Vbe 
—  /jr/?c  "F  IbRb  "b  Vbe 

Substituting  hFEIB  for  Ic, 

Vcc  H  lShFERc  +  IgRg  +  VBE 
=  Ib^HfeRc  +  Rb)  +  VBE 


By  rearranging  and  solving  for  1B,  you  have: 


(7.23) 


After  you  have  found  the  value  of  IB ,  you  proceed  just  as  you  did  with  the  base-bias  cir¬ 
cuit  as  follows: 


Icq  -  hFEIB 


+10  V 


FIGURE  7.30 


and 


Vcbq  ~  VCc  IcqRc 

Example  7.14  demonstrates  the  Q-point  analysis  of  a  collector-feedback  bias  circuit. 


EXAMPLE  7.14 _ _ 

Determine  the  values  of  ICQ  and  VCEQ  for  the  amplifier  shown  in  Figure  7.30. 
Solution:  First,  the  value  of  IB  is  found  as 


Vcc 


Rb  +  hFBRc 


_ 10V-ft,V _ =  = 

(180  km  +  (100X1.5  k!l)  330  Ml 


Next,  ICQ  is  found  as 

ICQ  =  hFFIB  =  (100)(28.2  |xA)  =  2.82  mA 
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Finally,  VCEQ  is  found  as 


VCEQ  =  Vcc  ~  ICRC  =  10  V  -  (2.82  mA)(1.5  kQ)  =  5.77  V 


Practice  Problem  7.14 

A  circuit  like  the  one  shown  in  Figure  7.30  has  values  of  Rc  =  2  kfl  RB  =  240  kft, 
hFE  =  120.  and  Vcc  =  + 12  V.  Determine  the  values  of  ICQ  and  VCEQ  for  the  circuit. 


Circuit  Stability 

Collector-feedback  bias  is  relatively  stable  against  changes  in  beta.  The  key  to  this  stabil¬ 
ity  is  that  IB  and  beta  are  inversely  related  in  this  circuit.  As  beta  increases,  IB  decreases, 
and  vice  versa.  This  relationship  can  be  seen  in  equation  (7.23),  which  shows  that  IB 
decreases  when  ( hFERc )  increases. 

Now,  consider  the  response  of  the  amplifier  in  Figure  7.30  to  an  increase  in  tempera¬ 
ture.  If  temperature  increases,  lc  increases.  This  causes  beta  to  increase.  In  response  to 
the  increase  in  beta,  IB  decreases,  limiting  the  increase  in  the  value  of  Ic.  The  decrease  in 
IB  partially  offsets  the  initial  increase  in  Ic. 

The  relationship  just  described  also  explains  the  fact  that  a  collector-feedback  bias 
circuit  cannot  saturate  under  normal  circumstances.  No  matter  how  large  beta  becomes, 
the  transistor  will  not  go  into  saturation  because  any  increase  in  beta  is  offset  by  a 
decrease  in  IB. 

Circuit  Troubleshooting 

If  either  resistor  in  the  collector-feedback  bias  circuit  opens,  the  transistor  goes  into  cut¬ 
off.  In  the  case  of  this  circuit,  the  quickest  method  of  troubleshooting  is  simply  to  replace 
both  resistors.  If  the  circuit  continues  to  malfunction,  replace  the  transistor. 

7.4.4  Emitter-Feedback  Bias 

The  collector-feedback  bias  circuit  is  designed  so  that  collector  circuit  values  are  included 
in  the  base  current  calculations.  Since  lB  is  partially  controlled  by  the  value  of  hFERc, 
feedback  has  been  obtained. 

The  emitter-feedback  bias  circuit  works  in  basically  the  same  fashion.  However,  in 
this  case,  it  is  the  emitter  circuit  that  affects  the  value  of  IB.  The  basic  emitter-feedback 
bias  circuit  is  shown  in  Figure  7.31.  Note  that  the  circuit  is  almost  identical  to  the  base- 
bias  circuit,  with  the  exception  of  the  added  emitter  resistor.  Also  note  the  directions  of 
the  circuit  currents. 


+  vcc 


FIGURE  7.31  Emitter-feedback  bias. 


Lab  Reference:  Collector- 
feedback  bias  stability  and  fault 
symptoms  are  both  demonstrated  in 
Exercise  10. 


◄  OBJECTIVE  11 


Lab  Reference:  Emitter-feedback 
bias  operation  is  demonstrated  in 
Exercise  10. 
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The  base  circuit  consists  of  RE,  the  base-emitter  junction  of  the  transistor,  RB,  and  Vcc. 
Kirchhoff’s  voltage  equation  of  this  circuit  is 

Vcc  —  IeRb  +  VBE  + 

Since  lE  =  IB(hFE  +  1),  we  can  rewrite  the  above  equation  as 

Vcc  ~  7a%  V be  +  +  1)I?£ 

Subtracting  VBE  from  both  sides  of  the  equation,  we  get 

Vcc  ~  VBt:  =  IjjRg  +  In(hFE  +  \  )RE 


or 

Vcc  ~~  VBE  =  Ig[Re  +  (hFE  +  1  )ReI 


Finally,  solving  for  IB  gives  us 


Vcc  ~  Vbe 

B  R8  +  (hFE  +  1  )Re 


(7.24) 


After  the  value  of  IB  is  found,  the  value  of  ICq  is  determined  as 

1 CQ  ~  hFElg 

Finally,  VCEQ  is  found  as 

Vceq  =  VCc  ~~  h:(Jfic  "f  Re) 

Note  that  this  is  the  same  equation  that  we  used  to  determine  the  value  of  VCEq  for  the 
voltage-divider  bias  circuit.  It  makes  sense  that  these  two  circuits  have  the  same  VCEq 
equation  since  their  collector-emitter  circuits  are  identical.  Example  7.15  illustrates  the 
process  of  determining  the  g-point  values  for  an  emitter-feedback  bias  circuit. 


EXAMPLE  7,15 _ _ 

Determine  the  values  of  ICQ  and  VCEQ  for  the  amplifier  shown  in  Figure  7.32. 


+16  V 


FIGURE  7.32 
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Solution:  First,  the  value  of  IB  is  found  as 


h 


VCc  ~  VB 


16  V  -  0.7  V 


Rb  +  ( hm  +  l)RE  680  kO  +  (5 1 X 1 .6  kO) 


20.09  nA 


ICq  is  now  found  as 


Icq  ~  h feIb  ~  (50)(20.09  p,A)  *—  1  mA 


Finally,  the  value  of  VCEQ  is  found  as 

VCeq  =  Vcc  -  Icq(Rc  +  Re)  =  16  V  -  (1  raA)(7.8  kfl)  =  8.2  V 
Practice  Problem  7.15 

A  circuit  like  the  one  in  Figure  7.32  has  values  of  Vcc  =  16  V,  Rb  =  470  kfl,  Rc  = 
1.8  kfl,  RE  =  910  fl,  and  hFE  —  100.  Determine  the  values  of  1CQ  and  VCEq  for  the 
circuit. 


Circuit  Stability 

0-point  stability  in  the  emitter-feedback  bias  circuit  is  obtained  in  the  same  fashion  as  it 
is  in  the  collector-feedback  bias  circuit.  If  beta  increases,  the  value  of  ( hFE  +  1  )RE  also 
increases.  This  causes  IB  to  decrease,  as  can  be  seen  in  equation  (7.24).  Also,  like  the 
collector-feedback  bias  circuit,  the  emitter-feedback  bias  circuit  cannot  saturate  (under 
normal  circumstances)  since  IB  decreases  when  hFE  increases. 


Lab  Reference:  Emitter-feedback 
bias  stability  and  fault  symptoms  are 
both  demonstrated  in  Exercise  10. 


Circuit  Troubleshooting 

The  resistor  faults  that  can  develop  in  the  emitter-feedback  bias  circuit  are  nearly  identi¬ 
cal  to  those  of  the  voltage-divider  bias  circuit.  The  fault  symptoms  for  Rc  and  RE  are 
identical  between  the  two  circuits.  The  RB  fault  symptoms  are  identical  to  those  for  /?,  in 
the  voltage-divider  bias  circuit. 


Summary 

The  feedback-bias  circuits  are  designed  so  that  IB  decreases  when  hFE  increases.  This  par¬ 
tially  offsets  the  effect  that  the  increase  in  hFE  has  on  the  value  of  Ic. 

While  the  collector-feedback  bias  circuit  is  the  simpler  of  the  two,  the  emitter-feedback 
bias  circuit  has  ac  characteristics  that  make  it  the  more  commonly  used.  Neither  of  the  two 
circuits  can  be  driven  into  saturation  under  normal  circumstances.  The  characteristics  of 
the  two  feedback-bias  circuits  are  summarized  in  Figure  7.33. 


7.4.5  Putting  It  All  Together:  Why  Are  There 
So  Many  Different  Types  of  Bias? 

In  this  chapter,  we  have  analyzed  the  operation  of  various  dc  biasing  circuits.  You  may  be 
wondering  why  so  many  different  circuits  are  used  for  biasing  transistors.  The  answer  lies 
in  the  fact  that  each  of  the  circuits  covered  has  its  own  advantages  and  limitations;  for 
example: 

1.  Base  bias  has  the  advantage  of  circuit  simplicity,  but  its  0-point  values  are  very 
unstable.  Thus,  the  use  of  base  bias  is  limited  to  switching  circuits. 

2.  Voltage-divider  bias  has  better  0-point  stability  than  base  bias  but  requires  a  greater 
number  of  components.  It  is  used  primarily  in  linear  amplifier  applications. 

3.  Emitter  bias  has  better  0-point  stability  than  base  bias  and  requires  fewer  compo¬ 
nents  than  voltage-divider  bias.  However,  it  requires  a  dual-polarity  power  supply 
to  operate. 
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Feedback  Bias  Circuits 


Emitter-feedback  bias 


Collector-feedback  bias 


!cq  =  hFElB 

VCEQ~  Vcc~lcdf^c*  R& 


Q-point  relationships:  % 


The  base  resistor  is  connected 
between  the  base  and  collector 
terminals  of  the  transistor, 


A  simple  circuit  with  relatively 
stable  O-point  values.  Has  better 
ac  characteristics  than  collector- 
feedback  bias, 

, 

Requires  more  components  than 
collector-feedback  bias. 


A  simple  circuit  with  relatively 
stable  O-point  values. : 


Relatively  poor  ac 
charactistics. 


Used  primarily  to  bias  linear 
amplifiers. 

iSzm  ■ 


Used  primarily  to  bias  linear 
amplifiers. 


Applications: 


FIGURE  7.33 

4.  The  feedback  bias  circuits  ( collector-feedback  and  emitter-feedback)  provide  a  degree 
of  Q-point  stability,  though  not  as  much  as  emitter  bias  or  voltage-divider  bias.  When 
lower  Q-point  stability  is  acceptable,  the  simpler  circuitry  of  feedback  bias  is  used. 


Section  Review  ► 


Critical  Thinking  ► 


1.  By  design,  what  is  the  approximate  value  of  VB  in  an  emitter-bias  circuit? 

2.  Describe  the  construction  and  current  characteristics  of  emitter  bias. 

3.  Why  are  the  values  of  1CQ  and  VCEQ  in  an  emitter  bias  circuit  highly  stable  against 
changes  in  hFEl 

4.  When  do  we  use  the  value  of  2VCC  in  the  7C(sa t)  and  VCE(of{)  calculations  for  an  emitter- 
bias  circuit? 

5.  What  is  feedback!  What  is  it  used  for? 

6.  Describe  the  construction  and  current  characteristics  of  collector-feedback  bias. 

7.  Explain  why  collector-feedback  bias  is  relatively  stable  against  changes  in  hFE. 

8.  Describe  the  construction  and  current  characteristics  of  emitter-feedback  bias. 

9.  Which  transistor  terminal  current,  if  any,  is  beta-dependent  in  an  emitter-bias  circuit? 
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CHAPTER  SUMMARY 

Here  is  a  summary  of  the  major  points  made  in  this  chapter: 

1.  The  ac  operation  of  an  amplifier  depends  on  its  initial  dc  values  of  IB,  7C,  and  VCE. 

2.  The  function  of  a  dc  biasing  circuit  is  to  set  the  initial  dc  values  of  IB,  Ic,  and  VCE. 

3.  The  dc  load  line  is  a  graph  that  represents  all  the  possible  combinations  of  Ic  and 
VCt  for  a  given  amplifier. 

a.  For  every  possible  value  of  Ic,  an  amplifier  has  a  corresponding  value  of  VCE. 

b.  The  end  points  on  the  dc  load  line  are  7C(sat)  and  VCE(nn). 

c.  7c(sat>  is  the  value  of  7C  when  the  transistor  is  in  saturation. 

d.  VC£(off)  is  the  value  of  VCE  when  the  transistor  is  in  cutoff. 

4.  The  dc  load  line  for  an  amplifier  is  plotted  as  shown  in  Example  7.1. 

5.  The  Q-point  is  a  point  on  the  dc  load  line  that  indicates  the  values  of  VCE  and  7C  for 
an  amplifier  at  rest  (without  an  input  signal). 

6.  When  a  circuit  is  designed  so  that  its  Q-point  falls  on  the  center  of  the  load  line,  the 
circuit  is  said  to  be  midpoint  biased. 

a.  When  an  input  signal  is  applied  to  an  amplifier,  VCE  and  7C  both  vary  around 
their  Q-point  values. 

b.  Having  a  centered  Q-point  allows  for  maximum  variations  of  VCE  and  Ic  around 
their  Q-point  values. 

7.  The  simplest  BJT  biasing  circuit  is  called  base  bias,  or  fixed  bias  (see  Figure  7.9). 

8.  The  dc  analysis  of  a  base  bias  circuit  is  demonstrated  in  Example  7.3. 

9.  When  midpoint  biased,  the  value  of  VCE  for  a  base  bias  circuit  is  half  the  value 
of  fee- 

10.  Base  bias  is  the  simplest  biasing  circuit  but  is  subject  to  Q-point  shift. 

a.  Q-point  shift  is  a  condition  where  a  change  in  operating  temperature  results  in  a 
change  in  VCE  and  Ic.  An  increase  in  beta  causes  an  increase  in  IB.  The  increase 
in  IB  results  in  changes  in  both  VCE  and  7C. 

b.  The  effects  of  Q-point  shift  on  a  base-bias  circuit  are  demonstrated  in  Example 
7.6. 

c.  A  circuit  that  is  susceptible  to  Q-point  shift  is  referred  to  as  a  beta-dependent 
circuit  because  its  output  is  affected  by  changes  in  beta. 

11.  Circuits  that  are  not  susceptible  to  Q-point  shift  are  called  beta-independent 
circuits. 

12.  Because  of  its  bias  instability,  base  bias  is  used  almost  exclusively  in  switching 
applications. 

13.  Voltage-divider  bias  is  by  far  the  most  commonly  used  BJT  biasing  circuit. 

a.  Voltage-divider  bias  has  the  advantages  of  emitter  bias,  but  it  does  not  require 
the  use  of  a  dual-polarity  dc  power  supply. 

b.  Voltage-divider  bias  is  also  referred  to  as  universal  bias. 

c.  The  currents  through  a  voltage-divider  bias  circuit  are  illustrated  in  Figure  7.14. 

14.  Transistor  spec  sheets  may  contain  more  than  one  value  of  hFE. 

a.  When  only  one  value  is  provided,  that  value  is  used  in  any  circuit  analysis. 

b.  When  two  or  more  values  are  listed,  check  to  see  if  one  is  a  “typical”  value.  If 
there  is  one,  that  value  is  used. 

c.  When  minimum  and  maximum  values  are  listed,  the  geometric  average  of  the 
two  is  used  (see  Example  7.9). 

15.  When  the  base  input  resistance  of  the  transistor  in  a  voltage-divider  bias  circuit  is 
less  than  10  times  the  value  of  R2,  the  parallel  equivalent  of  the  two  must  be  used 
in  place  of  R2  in  the  voltage-divider  equation  (see  Example  7.1 1). 

16.  To  determine  the  value  of  hFE  to  use  in  the  analysis  of  a  dc  biasing  circuit,  you 
must  know  the  value  of  7C.  ( Remember :  The  value  of  hFE  is  affected  by  the  value 
of  7C.) 

a.  Most  linear  amplifiers  are  designed  for  midpoint  bias.  Therefore,  the  value  of 
I cq  can  initially  be  assumed  to  be  half  the  value  of  7C(sat). 

b.  Using  ICQ  =  0.57C(sat)  gives  us  a  starting  point  for  selecting  the  proper  value  of 
hFE  to  use  in  the  circuit  analysis. 
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17.  Emitter  bias  uses  a  dual-polarity  dc  power  supply  to  set  the  operating  point  of  a 
transistor  (see  Figure  7.28). 

18.  Since  hFE  is  not  a  part  of  its  ICQ  equation,  emitter  bias  is  highly  stable  against  varia¬ 
tions  in  hFE  (Q-point  shift). 

19.  In  most  cases,  the  supply  voltages  for  an  emitter-bias  circuit  are  equal  in  magnitude 
and  opposite  in  polarity. 

20.  The  advantage  of  emitter  bias  is  that  it  is  a  beta-independent  circuit.  The  drawback 
is  the  circuit  requirement  for  a  dual-polarity  dc  power  supply. 

21.  Emitter  bias  is  primarily  used  to  set  the  dc  biasing  for  linear  amplifiers  in  systems 
with  dual-polarity  supply  voltages. 

22.  Feedback  bias  is  a  term  used  to  describe  a  circuit  that  feeds  a  portion  of  the  output 
voltage  or  current  back  to  the  input  to  control  the  circuit  operation. 

a.  Collector-feedback  bias  circuits  are  designed  so  that  Vc  directly  affects  the  value 
of  VB. 

b.  Emitter-feedback  bias  circuits  are  designed  so  that  VE  directly  affects  the  value 
ofFB. 

23.  When  the  value  of  Ic  attempts  to  increase,  the  collector-feedback  bias  circuit  causes 
a  reduction  in  IB,  partially  offsetting  the  increase  in  collector  current. 

24.  The  transistor  in  a  collector-feedback  bias  circuit  cannot  saturate  under  normal 
circumstances. 


EQUATION  SUMMARY 


Equation  Number 

Equation 

Section  Number 

(7.1) 

Vcc  —  l<Rc  (saturation) 

7.1 

(7.2) 

/C(sat)  =  (ideal) 

Kc 

7.1 

(7.3) 

Tea  of  o  =  Tec 

7.1 

(7.4) 

TCc  —  V BE 

R, 

7.2 

(7.5) 

Ic  =  hFEIB 

7.2 

(7.6) 

Tce  =  Tec  —  IcRc 

7.2 

(7.7) 

r2 

v°  =  Vccr1  +  r2 

7.3 

(7.8) 

VE=VB~  0.7  V 

7.3 

(7.9) 

VE 

7.3 

(7.10) 

Vceq  ~  Tee  ~  7 cq(Rc  +  Re) 

7.3 

(7.11) 

h 

Ib  ~  hFE  +  1 

7.3 

(7.12) 

h-FE{ ave)  —  ^ ^FE{m\n)  ^  ^FE{ max) 

7.3 

(7.13) 

.  Vcc 

C( sat)  ~  Rc  +  Re 

7.3 

(7.14) 

Tmoff)  =  Tec 

7.3 

(7.15) 

7^/ATbase)  //  [/R  j 

7.3 

(7.16) 

R-EQ  =  It  Rim base) 

7.3 
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Equation  Number 


Equation 


Section  Number 


(7.17) 

Vb  —  Vcc  r>  i  r>  I  ^EQ  “  ^2  II  hFERE 

K\  +  kEQ 

7.3 

(7.18) 

,  _  1  Vee  +  VBE\ 

If  — 

Re 

7.4 

(7.19) 

|V££  +  0.7V| 

CQ  -  RC 

7.4 

(7.20) 

V CEQ  =  Tcc  —  IcqRc 

7.4 

(7.21) 

j  _  2 Vcc 

C(sat)  ~  Rc  +  Re 

7.4 

(7.22) 

Tc£(  off)  =  2VCC 

7.4 

(7.23) 

j  _  TCc  ~  T/f/r 

Rb  T  hEERc 

7.4 

(7.24) 

j  Tcc  —  VBE 

Rr  +  O^FF  +  1  )Rf 

7.4 

base  bias  245 
beta-dependent 
circuit  249 
beta-independent 
circuit  249 
collector-feedback 
bias  267 


dc  load  line  240 
emitter  bias  263 
emitter-feedback  bias  267 
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Section  7.1 

1.  The  circuit  shown  in  Figure  7.34  has  values  of  Vcc  =  8  V  and  Rc  =  3.3  kfi.  Plot  the 
dc  load  line  for  the  circuit. 

2.  The  circuit  shown  in  Figure  7.34  has  values  of  Vcc  =  24  V  and  R,  =  9.1  kfi.  Plot 
the  dc  load  line  for  the  circuit. 

3.  The  circuit  shown  in  Figure  7.34  has  values  of  Vcc  =  14  V  and  Rc  =  1  kfi.  Plot  its 
dc  load  line.  Then,  use  equation  (7.6)  to  verify  the  load  line  VCE  values  for  Ic  = 
2  mA,  8  mA,  and  10  mA. 

4.  The  circuit  shown  in  Figure  7.34  has  values  of  Vcc  =  20  V  and  Rc  =  2.4  kfi.  Plot  its 
dc  load  line.  Then,  use  equation  (7.6)  to  verify  the  load  line  VCE  values  for  Ic  =  1  mA. 
5  mA,  and  7  mA. 

5.  The  circuit  shown  in  Figure  7.34  has  values  of  Tec  —  8  V  and  Rc  =  1  kfi.  Plot  the 
dc  load  line  for  the  circuit.  Then,  use  your  dc  load  line  to  determine  the  midpoint- 
bias  values  of  Ic  and  VCE. 

6.  The  circuit  shown  in  Figure  7.34  has  values  of  Vcc  =  36  V  and  Rc  =  36  kfi.  Plot 
the  dc  load  line  for  the  circuit.  Then,  use  your  dc  load  line  to  determine  the  mid¬ 
point-bias  values  of  Ic  and  VCE. 
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Section  7.2 

7.  Determine  the  0-point  values  of  Ic  and  VCE  for  the  circuit  shown  in  Figure  7.35a. 

8.  Determine  the  0-point  values  of  Ic  and  VCE  for  the  circuit  shown  in  Figure  7.35b. 

9.  Determine  the  g-point  values  of  Ic  and  VCE  for  the  circuit  shown  in  Figure  7.35c. 
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+10  V  +8  V  -12  V  -18  V 


(a)  (b)  (c)  (d) 


FIGURE  7.35 


10.  Determine  the  g-point  values  of  lc  and  VCE  for  the  circuit  shown  in  Figure  7.35d. 

11.  Plot  the  dc  load  line  for  the  circuit  shown  in  Figure  7.35a.  Then,  using  your  answers 
from  Problem  7,  determine  whether  the  circuit  is  midpoint  biased. 

12.  Plot  the  dc  load  line  for  the  circuit  shown  in  Figure  7.35b.  Then,  using  your  answers 
from  Problem  8,  determine  whether  the  circuit  is  midpoint  biased. 

13.  Without  the  use  of  the  dc  load  line,  determine  whether  the  circuit  shown  in  Figure 
7.35c  is  midpoint  biased.  Use  your  answers  from  Problem  9. 

14.  Without  the  use  of  a  dc  load  line,  determine  whether  the  circuit  shown  in  Figure 
7.35d  is  midpoint  biased.  Use  your  answers  from  Problem  10. 

15.  The  value  of  hFE  shown  in  Figure  7.35a  is  measured  at  25°C.  At  100°C,  the  value  of 
hFE  for  the  transistor  is  120.  Calculate  the  values  of  Ic  and  VCE  for  the  circuit  when 
it  is  operated  at  100°C. 

16.  The  value  of  hFE  shown  in  Figure  7.35b  is  measured  at  25°C.  At  100°C,  the  value  of 
hFE  for  the  transistor  is  120.  Calculate  the  values  of  Ic  and  VCE  for  the  circuit  when 
it  is  operated  at  100°C. 

Section  7.3 

17.  Determine  the  values  of  ICQ,  VCEQ,  and  I B  for  the  circuit  shown  in  Figure  7.36a. 

18.  Determine  the  values  of  7ce,  VCEQ,  and  IB  for  the  circuit  shown  in  Figure  7.36b. 

19.  Determine  the  values  of  ICQ,  VCEQ,  and  1B  for  the  circuit  shown  in  Figure  7.36c. 

20.  Determine  the  values  of  ICq,  Vceq,  and  IB  for  the  circuit  shown  in  Figure  7.36d. 


+30  V  +10  V  -20  V  -14  V 


(a)  (b)  (c)  (d) 

FIGURE  7.36 
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21.  A  transistor  spec  sheet  lists  the  following  values  of  hFE  at  Ic  =  1  mA;  hFF  =  50  (min), 
hpE  =  75  (typical),  and  hFF  =  120  (max).  Determine  which  value  would  be  used  in 
any  amplifier  analysis. 

22.  A  transistor  spec  sheet  lists  the  following  values  of  hFE  at  Ic  =  1  mA;  hFE  =  80  (min) 
and  hFE  =  200  (max).  Determine  the  value  of  hFE  that  would  be  used  in  any  circuit 
analysis. 

23.  Determine  the  values  of  IE(sat)  and  fcHoff)  f°r  the  circuit  shown  in  Figure  7.36a. 
Then,  using  your  answers  from  Problem  17,  determine  whether  the  circuit  is  mid¬ 
point  biased. 

24.  Determine  the  values  of  7C(sat)  and  VCE(of{)  for  the  circuit  shown  in  Figure  7.36b. 
Then,  using  your  answers  from  Problem  18,  determine  whether  the  circuit  is  mid¬ 
point  biased. 

25.  Determine  the  values  of  /c(Sat)  ar|d  VcHoffj  f°r  the  circuit  shown  in  Figure  7.36c. 
Then,  using  your  answers  from  Problem  19,  determine  whether  the  circuit  is  mid¬ 
point  biased. 

26.  Determine  the  values  of  /C(sat)  and  VCE(off)  for  the  circuit  shown  in  Figure  7.36d. 
Then,  using  your  answers  from  Problem  20,  determine  whether  the  circuit  is  mid¬ 
point  biased. 

27.  Determine  whether  the  circuit  shown  in  Figure  7.37a  is  midpoint  biased. 

28.  Determine  whether  the  circuit  shown  in  Figure  7.37b  is  midpoint  biased. 


+30  V  +24  V 
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60 

- 
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10  mA 

50 

- 

400 

10  mA 

100 

- 

400 

20  mA 

70 

- 

500 

20  mA 

(a)  (b) 

FIGURE  7.37 

Section  7.4 

29.  Determine  the  values  of  ICq  and  VCEq  for  the  circuit  shown  in  Figure  7.38. 

30.  For  the  circuit  shown  in  Figure  7.38,  double  the  values  of  Rc  and  RE.  Now,  recalcu¬ 
late  the  output  values  for  the  circuit.  How  do  these  values  compare  with  those 
obtained  in  Problem  29? 

31.  Calculate  the  values  of  /C(sat)  and  ^C£(off)  f°r  the  circuit  shown  in  Figure  7.38.  Use 
the  original  component  values. 

32.  For  the  circuit  shown  in  Figure  7.38,  double  the  values  of  Rc  and  RE.  Now,  recalcu¬ 
late  the  values  of  /c(Sat)  and  ^CE(aff)-  How  do  these  values  compare  with  the  ones 
obtained  in  Problem  31? 

33.  Determine  the  values  of  ICq,  VCEq,  ?c(sat)>  and  Vc£(off)  f°r  the  circuit  shown  in  Figure 
7.39a. 
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+12  V 


FIGURE  7.38 

+  15 V  +8  V 


(a)  (b) 

FIGURE  7.39 


+8  V 


(a) 

FIGURE  7.40 


34.  Determine  the  values  of  ICQ,  VCEq .  fee  sat).  and  VCe  (off)  f°r  the  circuit  shown  in  Figure 
7.39b. 

35.  Determine  the  value  of  Rmb ase)  for  the  circuit  shown  in  Figure  7.39a. 

36.  Determine  the  value  of  R,m base)  for  the  circuit  shown  in  Figure  7.39b. 

37.  Determine  the  values  of  ICq  and  VCeq  for  the  circuit  shown  in  Figure  7.40a. 


+12  V  -10  V  -14  V 


(b) 


(c) 


(d) 
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38. 

39. 

40. 

41. 

42. 

43. 

44. 


Determine  the  values  of  ICQ 

and 

VcEQ 

Determine  the  values  of  ICQ 

and 

VcEQ 

Determine  the  values  of  ICQ 

and 

VcEQ 

Determine  the  values  of  lCQ 

and 

VCEQ 

Determine  the  values  of  ICQ 

and 

VcEQ 

Determine  the  values  of  ICQ 

and 

VcEQ 

Determine  the  values  of  ICQ 

and 

V CEQ 

for  the  circuit  shown  in  Figure  7.40b. 
for  the  circuit  shown  in  Figure  7.40c. 
for  the  circuit  shown  in  Figure  7.40d. 
for  the  circuit  shown  in  Figure  7.41a. 
for  the  circuit  shown  in  Figure  7.41b. 
for  the  circuit  shown  in  Figure  7.41c. 
for  the  circuit  shown  in  Figure  7.4 Id. 


+60  V  +28  V  -15  V 


FIGURE  7.41 


45.  What  fault  is  indicated  in  Figure  7.42a?  Explain  your  answer. 

46.  What  fault  is  indicated  in  Figure  7.42b?  Explain  your  answer. 

47.  What  fault  is  indicated  in  Figure  7.42c?  Explain  your  answer. 

48.  What  fault  is  indicated  in  Figure  7.43? 


49.  The  transistor  in  Figure  7.44  has  a  value  of  hFE  =  200  for  Ic  =  1  to  8  mA.  The 
value  of  Vce(sat)  for  the  component  is  0.3  V.  Derive  the  collector  curves  for  the 
device  for  Ic  =  1  to  4  mA  and  VCE  =  0  V  to  VCEU,n-y  Then,  plot  the  dc  load  line  for 
the  circuit  on  the  collector  curves  to  determine  the  value  of  IB  required  for  mid¬ 
point-bias  operation. 

50.  The  spec  sheet  for  the  transistor  in  Figure  7.45  is  located  in  Appendix  A.  Determine 
the  values  of  ICq,  VCeq >  ?«>  VB,  /C(Sat),  and  Vct  (Htr) 

51.  A  collector-feedback  bias  circuit  will  be  midpoint  biased  ifRB  =  hFERc.  Using  equa¬ 
tion  (7.23),  prove  this  statement  to  be  true.  {Hint:  Idealize  the  emitter-base  junction 
diode  in  the  equation.) 

52.  The  2N3904  transistor  cannot  be  used  in  the  circuit  shown  in  Figure  7.46.  Why  not? 
{Hint:  Consider  the  dc  load  line  for  the  amplifier  and  the  maximum  ratings  shown  in 
the  2N3904  spec  sheet  in  Section  6.5.) 


53.  Write  a  program  that  will  determine  whether  a  given  base-bias  circuit  is  midpoint 
biased  given  the  values  of  Rc,  RB,  Fcc,  and  hFF  for  the  transistor.  Set  up  the  program 
so  that  it  will  provide  you  with  the  values  of  ICQ  and  VCEQ. 

54.  Write  a  program  that  will  determine  whether  a  given  voltage-divider  bias  circuit  is 
midpoint  biased  given  the  values  of  Ru  R2,  Rc,  RE,  and  Vcc.  Set  up  the  program  so 
that  it  will  provide  you  with  the  values  of  ICQ  and  VCEQ. 
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+8  V 


+24  V 


FIGURE  7.46 


ANSWERS  TO  THE 

7.1  VCE(off)  =  8  V,  7C(sat)  =  7.27  mA  EXAMPLE  PRACTICE 

7.2  The  end  points  of  the  load  line  are  VCE(olfj  =  16  V  and  7C(sat)  =  8  mA.  VCE  =  12  V  PROBLEMS 
at  Ic  =  2  mA,  VCE  =  8  V  at  7C  =  4  mA,  and  VCE  =  4  V  at  7C  =  6  mA 

7.3  7C  =  9.85  mA,  VCE  =  6.91  V 

7 .4  The  circuit  is  not  midpoint  biased. 

7.5  The  circuit  A  midpoint  biased. 

7.6  7C  =  18.72  mA,  VCE  =  521.6  mV 

7.7  ICq  =  6.33  mA,  VCEQ  =  4.94  V 

7.8  7b  =  31.49  |xA 

7.9  7fi=114.2|xA 

7.10  base)  =  212  kfl 

7.11  ICQ  =  1.48  mA,  VCEQ  =  9.2  V 

7.12  ICq  =  4.77  mA,  VCEQ  =  7.85  V 

7.13  7C(sat)  =  6.67  mA,  Vc£(ofp  =  30  V 

7.14  ICQ  =  2.83  mA,  VCEQ  =  6.34  V 

7.15  Icq  =  2.72  mA,  VCEQ  =  8.63  V 
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chapter 


Introduction  to 
Amplifiers 


Objectives 

After  studying  the  material  in  this  chapter,  you  should  be  able  to: 

1.  List  the  three  fundamental  ac  properties  of  amplifiers. 

2.  Discuss  the  concept  of  gain. 

3 .  Describe  the  general  model  of  a  voltage  amplifier. 

4.  Discuss  the  effects  that  amplifier  input  and  output  impedance  have  on  the  effective 
voltage  gain  of  the  circuit. 

5.  Describe  the  ideal  voltage  amplifier. 

6.  List,  compare,  and  contrast  the  three  BJT  amplifier  configurations. 

7.  Determine  the  configuration  of  any  BJT  amplifier. 

8.  Discuss  the  concept  of  amplifier  efficiency. 

9.  List,  compare,  and  contrast  the  various  classes  of  amplifier  operation. 

10.  Convert  any  value  of  power  or  voltage  gain  to  and  from  decibel  (dB)  form. 

Outline 

8.1  Amplifier  Properties 

8.2  BJT  Amplifier  Configurations 

8.3  Amplifier  Classifications 

8.4  Decibels 
Chapter  Summary 
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When  you  cannot  hear  the  output  from  a  stereo,  you  turn  up  the  volume.  When  the  picture 
on  your  television  is  too  dark,  you  increase  the  brightness  setting.  In  both  of  these  cases, 
you  are  taking  a  relatively  weak  signal  and  making  it  stronger;  that  is,  you  are  increasing 
its  power  level.  The  process  of  increasing  the  power  of  an  ac  signal  is  referred  to  as 
I  Amplification  amplification.  The  circuits  used  to  provide  amplification  are  referred  to  as  amplifiers. 

The  process  of  increasing  the  Several  typical  amplifiers  are  shown  in  Figure  8.1. 

[  power  of  an  ac  signal. 


vcc 


VDd 


R, 


FIGURE  8.1  Typical  amplifiers. 


Amplifiers  are  some  of  the  most  widely  used  circuits  that  you  will  encounter.  They  are 
used  extensively  in  audio,  video,  and  telecommunications  systems.  They  are  also  used  in 
digital  systems,  biomedical  systems,  and  so  on.  (In  fact,  you  may  find  it  difficult  to  come 
up  with  an  electronic  system  that  doesn’t  contain  at  least  one  amplifier.) 

In  the  upcoming  chapters,  you  will  learn  how  to  analyze  and  work  with  many  different 
types  of  amplifiers.  You’ll  be  shown  (among  other  things)  how  to  calculate  the  values  of 
several  amplifier  properties,  such  as  gain,  input  impedance,  and  output  impedance.  In  this 
chapter,  we  will  discuss  these  properties  and  the  roles  they  play  in  amplifier  operation. 
We  will  also  look  at  some  other  topics  that  relate  to  amplifiers  in  general. 


8.1  Amplifier  Properties 


OBJECTIVE  1  ►  All  amplifiers  have  three  fundamental  properties:  gain,  input  impedance,  and  output 
impedance.  These  properties  can  be  combined  to  form  a  general  amplifier  model,  like  the 
one  shown  in  Figure  8.2.  Note  that  the  diamond  shape  in  the  model  is  used  (in  this  case) 
to  represent  the  gain  of  the  circuit.  We’ll  modify  this  symbol  slightly  after  we  discuss  the 
concept  of  gain. 
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FIGURE  8.2  The  general  amplifier  model. 


8.1.1  Amplifier  Gain 

All  amplifiers  exhibit  a  property  called  gain.  The  gain  of  an  amplifier  is  a  multiplier  that 
exists  between  the  circuit’s  input  and  output.  For  example,  if  the  gain  of  an  amplifier  is 
100,  then  the  output  signal  is  100  times  as  great  as  the  input  signal  under  normal  operat¬ 
ing  conditions. 

There  are  three  types  of  gain:  voltage  gain,  current  gain,  and  power  gain.  Gain  is  rep¬ 
resented  using  the  letter  A,  as  shown  in  Table  8.1.  Note  that  the  subscript  in  each  symbol 
identifies  the  type  of  gain. 

All  amplifiers  provide  some  degree  of  power  gain.  However,  not  all  amplifiers  are 
designed  for  this  purpose.  For  example,  a  voltage  amplifier  is  designed  to  provide  a  spe¬ 
cific  value  of  Av.  The  fact  that  it  also  provides  some  value  of  power  gain  is  usually  a  sec¬ 
ondary  consideration.  The  same  can  be  said  for  a  current  amplifier,  which  is  designed  to 
provide  a  specific  value  of  A,.  Only  a  power  amplifier  is  designed  to  provide  a  specific 
value  of  Ap.  The  type  of  amplifier  used  in  a  given  application  depends  on  the  type  of  gain 
desired. 

In  this  chapter,  we  will  focus  primarily  on  the  gain  and  impedance  characteristics  of 
voltage  amplifiers.  Current  and  power  amplifiers  are  addressed  in  later  chapters. 


◄  OBJECTIVE  2 
Gain 

A  multiplier  that  exists  between 
the  input  and  output  of  a  circuit. 


TABLE  8.1  Gain  Symbols 


Type  of  Gain 

Symbol 

Voltage 

Av 

Current 

A; 

Power 

Ap 

8.1.2  Gain  as  a  Ratio 


Traditionally,  gain  is  defined  as  the  ratio  of  an  output  value  to  its  corresponding  input 
value.  For  example,  voltage  gain  can  be  defined  as  the  ratio  of  ac  output  voltage  to  ac 
input  voltage.  By  formula, 


(8.1) 


where  vout  =  the  ac  output  voltage  from  the  amplifier 
vin  =  the  ac  input  voltage  to  the  amplifier 

The  calculation  of  voltage  gain  using  input  and  output  values  is  demonstrated  in 
Example  8.1. 


EXAMPLE  8.1 _ 

The  symbol  shown  in  Figure  8.3  is  a  generic  symbol  for  an  amplifier.  Calculate  the 
voltage  gain  for  the  amplifier  represented  in  the  figure. 

Solution:  Using  the  vout  and  vin  readings  shown  in  the  figure,  the  voltage  gain  of 
the  amplifier  is  found  as 


^  =  250mV 
v  vin  400  (J.V 
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FIGURE  8.3 


This  result  indicates  that  the  ac  output  voltage  for  the  circuit  is,  under  normal  oper¬ 
ating  circumstances,  625  times  greater  than  the  ac  input  voltage. 

Practice  Problem  8.1 

An  amplifier  like  the  one  represented  in  Figure  8.3  has  the  following  values:  vout  = 
72  mV  and  vin  =  300  p.V.  Calculate  the  voltage  gain  of  the  circuit. 


Does  gain  have  a  unit  of 


Note  that  the  value  of  voltage  gain  obtained  in  the  example  has  no  units.  This  is 
always  the  case.  Since  each  type  of  gain  can  be  defined  as  a  ratio  of  an  output  value  to  an 
input  value,  gain  has  no  unit  of  measure. 

Equation  (8.1)  can  be  somewhat  misleading  because  it  implies  that  the  value  of  A,,  is 
determined  by  the  values  of  vout  and  vin.  In  fact,  the  value  of  Av  is  determined  by  circuit 
component  values. 

Under  normal  circumstances,  gain  is  a  constant.  Thus,  a  change  in  the  input  to  an  ampli¬ 
fier  usually  results  in  a  change  in  the  corresponding  output  value,  not  in  a  change  in  gain. 
For  example,  when  the  value  of  vin  for  an  amplifier  changes,  the  new  value  of  vout  is  found  as 


A  A  in 


This  relationship  is  demonstrated  in  Example  8.2. 


(8.2) 


EXAMPLE  8.2 _ 

The  input  of  the  circuit  in  Figure  8.3  changes  to  240  p.V.  Calculate  the  new  value  of 

Tout* 

Solution:  The  gain  of  the  circuit  was  found  in  Example  8.1  to  be  625.  Using  this 
value  of  A,„  the  new  value  of  vou,  is  found  as 

vout  =  A,vln  =  (625)(240  |xV)  =  150  mV 


Practice  Problem  8.2 

Refer  to  Practice  Problem  8.1.  Using  the  value  of  Av  found  in  the  problem,  calculate 
the  value  of  vout  for  vhl  =  360  |xV. 


Like  voltage  gain,  current  and  power  gain  can  be  defined  as  output-to-input  ratios. 
These  ratios  are 


and 


.  Cut 

A;  =  — 

'in 


(8.3) 


(8.4) 
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Since  they  can  be  defined  as  ratios,  current  and  power  gain  (like  voltage  gain)  have  no 
units.  They  are  simply  multipliers  that  exist  between  the  input  and  output  of  an  amplifier. 

8.1.3  The  General  Voltage  Amplifier  Model 

Figure  8.2  showed  a  general  model  for  a  voltage  amplifier.  Now  that  we  have  defined  ◄  OBJECTIVE  3 
gain,  we  need  to  modify  the  amplifier  model,  as  shown  in  Figure  8.4a.  Note  that  the  dia¬ 
mond  shape  is  actually  used  to  represent  vout  (as  a  voltage  source).  The  value  of  this  volt¬ 
age  source  is  given  as  Avvin  to  show  that  the  output  voltage  is  a  function  of  the  input  volt¬ 
age  and  the  voltage  gain  of  the  circuit. 


(b) 

FIGURE  8.4  Voltage  amplifier  model. 


When  we  add  a  signal  source  and  a  load  to  the  amplifier  model  in  Figure  8.4a,  we 
obtain  the  circuit  shown  in  Figure  8.4b.  The  input  circuit  consists  of  v$,  Rs,  and  Zin  (the 
amplifier  input  impedance).  The  output  circuit  consists  of  vout,  Zout  (the  amplifier  output 
impedance),  and  RL.  As  you  can  see,  the  circuits  are  nearly  identical  (in  terms  of  the  type 
of  components  they  contain). 


8.1.4  Amplifier  Input  Impedance  (Zin) 

When  an  amplifier  is  connected  to  a  signal  source,  the  source  sees  the  amplifier  as  a  load.  ◄  OBJECTIVE  4 
The  input  impedance  (Zin)  of  the  amplifier  is  the  value  of  this  load.  For  example,  the  Input  impedance  (Zin) 

value  of  Zin  for  the  amplifier  in  Figure  8.5  is  shown  to  be  1.5  kfl.  In  this  case,  the  ampli-  The  load  that  an  amplifier 

fier  acts  as  a  1.5  kfl  load  that  is  in  series  with  the  source  resistance  (Rs).  places  on  its  source. 

If  we  assume  that  the  input  impedance  of  the  amplifier  in  Figure  8.5  is  purely  resistive, 
the  signal  voltage  at  the  amplifier  input  is  found  as 


(8.5) 


Since  Rs  and  Zin  form  a  voltage  divider,  the  input  voltage  to  the  amplifier  must  be  lower 
than  the  rated  value  of  the  source.  This  point  is  illustrated  in  the  following  example. 
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FIGURE  8.5  Amplifier  input  circuit. 


EXAMPLE  8.3 


Calculate  the  value  of  vin  for  the  circuit  shown  in  Figure  8.5. 

Solution:  Using  the  values  shown  in  the  figure,  the  value  of  vin  is  found  as 


Rs  +  Z in 


=  (2  mV) 


1.5  kfl 

1.6  kfl 


1.875  mV 


Practice  Problem  8.3 

An  amplifier  like  the  one  in  Figure  8.5  has  the  following  values:  vs  =  800  p.V,  Rs  = 
70  fl,  and  Zin  =  750  O.  Calculate  the  value  of  vin  for  the  circuit. 


8.1.5  The  Effect  of  Rs  and  Zin  on  Amplifier  Output  Voltage 

Example  8.3  demonstrated  the  effect  that  Rs  and  Zin  can  have  on  the  input  to  an  amplifier. 
As  the  following  example  demonstrates,  the  reduction  of  the  source  voltage  can  cause  a 
noticeable  reduction  in  the  circuit’s  output  voltage. 

EXAMPLE  8.4  _ 

Assume  that  the  amplifier  described  in  Example  8.3  has  a  value  of  Av  =  500.  Cal¬ 
culate  the  values  of  vout  for  vin  =  2  mV  and  vin  =  1.875  mV. 

Solution:  For  vin  =  1 .2  mV,  the  value  of  vout  is  found  as 
Vout  =  Avvin  =  (500)(2  mV)  =  1  V 
For  vin  =  1.875  mV,  the  value  of  vout  is  found  as 

Vou.  =  Avvin  =  (500X1.875  mV)  =  937.5  mV 


Practice  Problem  8.4 

Refer  to  Practice  Problem  8.3.  Using  Av  =  480,  calculate  the  values  of  vout  for  vin  = 
vs  and  for  the  value  of  vin  found  in  the  practice  problem. 


Here  is  what  Example  8.4  has  shown  us:  Had  we  ignored  the  effects  of  Rs  and  Zin  on 
the  amplifier  in  Figure  8.5,  we  would  have  calculated  an  output  voltage  for  the  circuit  of 
1  V.  However,  because  of  the  reduction  in  vs,  the  actual  value  of  vout  is  937.5  mV.  Thus, 
Rs  and  Zin  cause  the  output  of  the  circuit  to  be  62.5  mV  lower  than  it  first  appears  to  be. 
As  you  will  see,  the  combination  of  Zout  and  R,  causes  an  even  greater  reduction  in  the 
ideal  output  from  an  amplifier. 
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8.1.6  Amplifier  Output  Impedance  (ZQut) 


When  a  load  is  connected  to  an  amplifier,  the  amplifier  acts  as  the  source  for  that  load. 
As  with  any  source,  there  is  some  measurable  value  of  source  impedance,  in  this  case 
the  output  impedance  (Zout)  of  the  amplifier.  For  example,  consider  the  circuit  shown 
in  Figure  8.6.  If  we  assume  that  the  value  of  Zout  for  the  amplifier  is  200  (l,  the  load  sees 
the  amplifier  as  a  voltage  source  with  an  internal  impedance  of  200  O.  If  we  assume  that 
the  output  impedance  of  the  amplifier  in  Figure  8.6  is  purely  resistive,  the  value  of  the 
load  voltage  can  be  found  using  the  voltage-divider  equation  as  follows: 


Output  impedance  (Zout) 
The  “source  impedance”  that 
an. 


where  vout  =  Avvin 


vL  =  v0 


Rl 

'  Zout  +  Rl 


(8.6) 


Example  8.5  demonstrates  the  effect  that  the  combination  of  Zout  and  RL  can  have  on  the 
load  voltage  produced  by  an  amplifier. 


FIGURE  8.6  Amplifier  output  circuit. 

EXAMPLE  8.5 _ 

Calculate  the  value  of  the  load  voltage  (vL)  for  the  circuit  shown  in  Figure  8.7. 


FIGURE  8.7 

Solution:  Using  the  values  shown  in  the  figure,  the  value  of  vL  is  found  as 


vL  =  Vo, 


R  1  2  kf) 

L  =  (300  mV)  =  240  mV 


Z0ut  F  Rl 


1.5  ka 


As  you  can  see,  Zout  and  RL  have  combined  to  cause  a  60  mV  reduction  in  the 
amplifier  output  voltage. 

Practice  Problem  8.5 

A  circuit  like  the  one  shown  in  Figure  8.7  has  the  following  values:  vout  =  480  mV, 
Zout  =  240  a,  and  RL  =  1.5  ka.  Calculate  the  value  of  the  load  voltage  for  the 
circuit. 
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8.1.7  The  Combined  Effects  of  the  Input  and  Output  Circuits 

The  combination  of  the  input  and  output  circuits  can  cause  a  fairly  significant  reduction 
in  the  effective  voltage  gain  of  an  amplifier.  For  example,  consider  the  circuit  shown  in 
Figure  8.8.  To  see  the  combined  effects  of  the  input  and  output  circuits,  we  need  to  cal¬ 
culate  the  value  of  vL  for  the  circuit.  The  first  step  is  to  determine  the  value  of  vin  as 
follows: 


FIGURE  8.8 

Now,  the  value  of  vout  is  found  as 


v„ut  =  A,.vin  =  (340X14.7  mV)  =  5  V 


Finally,  the  load  voltage  is  found  as 


According  to  these  calculations,  the  amplifier  has  increased  the  15  mV  source  voltage  to 
a  4. 14  V  load  voltage.  We  consider  the  effective  voltage  gain  of  the  amplifier  to  equal  the 
ratio  of  load  voltage  to  source  voltage.  By  formula, 

~  (8.7) 

vs 


Therefore,  the  effective  voltage  gain  of  the  circuit  can  be  found  as 


,  vL  4.14  V 
vs~  15mV 


How  do  you  reduce  the  effects 
of  the  input  and  output  circuits 


As  you  can  see,  the  input  and  output  circuits  have  reduced  the  voltage  gain  of  this  ampli¬ 
fier  from  340  to  an  effective  value  of  276. 

The  effects  that  the  input  and  output  circuits  have  on  the  voltage  gain  of  an  amplifier 
can  be  significantly  reduced  by: 

1.  Increasing  the  value  of  Zin. 

2.  Decreasing  the  value  of  Zout. 


For  example,  consider  the  circuit  shown  in  Figure  8.9.  This  is  essentially  the  same  circuit 
as  the  one  shown  in  Figure  8.8.  However,  for  the  sake  of  discussion,  we  have  changed  the 
values  of  Zin  and  Zou[.  For  this  circuit. 


Zin  8  kO 

Vin  =  Vs~R^Tzm  =  (15  mV)  8412kn 


=  14.96  mV 
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20  fi 


^ou, 

20  a 


FIGURE  8.9 


=  Avvin  =  (340)(14.96  mV)  =  5.1  V 
Rl 


Vl  =  vc, 


1.2  kn 

l5-1V)L221di  =  5V 


and  the  effective  value  of  Av  for  the  circuit  can  be  found  as 


5  V 

:  77— (7  =  333-3 
15  mV 


As  you  can  see,  the  effective  voltage  gain  of  the  circuit  has  increased  significantly  due  to 
the  changes  made  in  the  values  of  Zin  and  Zout. 

In  most  practical  circuits,  little  can  be  done  to  change  the  resistance  of  a  given  signal 
source  or  load.  However,  the  amplifier  values  of  Zin  and  Zout  are  affected  by  the  choice  of 
the  active  components  used  as  well  as  the  type  of  biasing  circuit  and  component  values. 
This  point  will  be  demonstrated  further  in  upcoming  chapters. 

8.1.8  The  Ideal  Voltage  Amplifier 

Now  that  you  have  been  introduced  to  the  basic  amplifier  properties,  we  will  look  at  the 
characteristics  of  the  ideal  voltage  amplifier.  The  ideal  voltage  amplifier,  if  it  could  be 
constructed,  would  have  the  following  characteristics  (among  others): 

1.  Infinite  gain  (if  needed). 

2.  Infinite  input  impedance. 

3.  Zero  output  impedance. 

The  first  of  these  characteristics  needs  little  explanation.  An  ideal  amplifier  would  be  capa¬ 
ble  of  providing  any  value  of  gain,  no  matter  how  high  the  value  needed.  In  reality,  values 
of  Av  are  limited.  The  limit  of  Av  depends  in  part  on  the  type  of  active  component(s)  used 
in  the  circuit. 

The  impedance  characteristics  of  the  ideal  voltage  amplifier  are  illustrated  in  Figure  8.10. 
With  infinite  input  impedance,  there  would  be  no  current  in  the  input  circuit  and,  therefore, 
no  voltage  dropped  across  the  source  resistance  (Rs).  With  no  voltage  dropped  across  Rs, 


FIGURE  8.10  Ideal  impedance  values. 
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In  other  words,  the  source  voltage  would  not  be  reduced  by  the  combined  effects  of  Rs 
and  Zin. 

With  zero  output  impedance,  there  would  be  no  voltage  divider  in  the  output  circuit  of 
the  amplifier.  Therefore, 

vL  —  vout  (for  the  ideal  amplifier) 


Since  there  would  be  no  reduction  of  voltage  by  either  the  input  or  output  circuits,  the 
effective  voltage  gain  of  the  circuit  would  equal  the  calculated  value  of  Av. 

Values  of  Zin  =  oo  fl  and  Zout  =  0  fl  have  not  yet  been  achieved  in  practical  circuits. 
However,  it  is  possible  to  “effectively”  achieve  them  through  proper  circuit  design.  For 
example,  consider  the  circuit  shown  in  Figure  8.11.  When  compared  to  the  value  of  Rs 
(20  f l),  the  value  of  Zin  =  100  kfl  is,  for  all  practical  purposes,  infinite.  When  compared 
to  the  value  of  RL  (1.2  kfl),  the  value  of  Zout  =  3  fl  is,  for  all  practical  purposes,  zero.  As 
you  can  see,  the  values  of  Zin  and  Zoul  are  a  consideration  in  any  circuit  design  since  it  is 
possible  to  minimize  their  effects  on  the  voltage  gain  of  the  circuit. 


20  n  fl-  30 


In  upcoming  chapters,  you  will  see  that  the  ideal  amplifier  has  other  characteristics 
that  relate  to  power  dissipation,  frequency  response,  and  signal  reproduction.  At  this 
point,  however,  we  have  established  the  primary  characteristics  of  the  ideal  voltage 
amplifier. 
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1.  What  is  amplification ? 

2.  What  is  gain!  What  are  the  three  types  of  gain? 

3.  Define  voltage  gain  as  a  ratio. 

4.  What  determines  the  voltage  gain  of  an  amplifier? 

5.  What  effect  does  the  combination  of  source  resistance  ( Rs )  and  amplifier  input 
impedance  (Zin)  have  on  the  value  of  vin  for  an  amplifier?  What  effect  does  it  have  on 
the  value  of  vout? 

6.  What  effect  does  the  combination  of  amplifier  output  impedance  (Zout)  and  load 
resistance  ( RL )  have  on  the  value  of  vL  for  an  amplifier? 

7.  Explain  the  overall  effect  that  the  input  and  output  circuits  have  on  the  voltage  gain 
of  an  amplifier. 

8.  How  is  the  effect  in  Question  7  minimized? 

9.  List  and  explain  the  characteristics  of  the  ideal  voltage  amplifier. 

10.  Would  the  circuit  shown  in  Figure  8.5  operate  more  effectively  with  a  voltage  source 
rated  at  Rs  =  10  fl?  Explain  your  answer. 

11.  How  do  you  think  the  gain  of  an  ideal  voltage  amplifier  would  react  to  a  change  in 
operating  frequency? 
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8.2  BJT  Amplifier  Configurations 


Now  that  we  have  established  the  gain,  input  impedance,  and  output  impedance  charac-  ^  OBJECTIVE  6 
teristics  of  the  ideal  voltage  amplifier,  we  will  take  a  brief  look  at  several  types  of  BJT 
amplifiers  to  see  how  they  compare  to  the  ideal  amplifier.  There  are  three  BJT  amplifier 
configurations,  each  having  its  unique  combination  of  characteristics.  These  BJT  ampli¬ 
fier  configurations  are  shown  in  Figure  8.12. 


+  vcc 


(a) 


(c) 

FIGURE  8.12  BJT  amplifier  configurations. 

8.2.1  The  Common-Emitter  Amplifier 

The  common-emitter  (CE)  amplifier  is  the  most  widely  used  BJT  amplifier.  A  typical  CE 
amplifier  is  shown  in  Figure  8.12a.  As  you  can  see,  the  input  is  applied  to  the  base  of  the 
transistor,  and  the  output  is  taken  from  the  collector.  The  term  common-emitter  is  used 
for  two  reasons: 

1.  The  emitter  terminal  of  the  transistor  is  common  to  both  the  input  and  output  circuits. 

2.  The  emitter  terminal  of  the  transistor  is  normally  returned  to  ac  ground  (or  ac  com¬ 
mon).  The  ac  ground  is  provided  by  the  “bypass  capacitor”  ( CB )  connected  to  the 
emitter  terminal  of  the  transistor.  (The  means  by  which  this  capacitor  provides  an  ac 
ground  will  be  discussed  in  Chapter  9.) 

To  discuss  the  characteristics  of  the  CE  amplifier  (or  any  other),  we  need  to  establish 
some  boundaries.  For  the  sake  of  comparison,  we’ll  classify  gain  and  impedance  values 
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as  being  low,  midrange ,  or  high.  These  classifications  are  broken  down  as  shown  in  Table 
8.2.  It  should  be  noted  that  the  ranges  listed  in  the  table  are  open  to  debate  and  should  not 
be  taken  as  standard  values.  They  are  provided  merely  as  a  basis  for  comparison. 


TABLE  8.2  Property  Ranges 


Property 

Low 

Midrange 

High 

Gain 

<100 

100-1000 

>1000 

Impedance 

<1  kfl 

1  kfi-lOkd 

>10  kfl 

Typical  CE  amplifier 


Using  the  ranges  given  in  Table  8.2,  we  can  classify  the  CE  amplifier  as  an  amplifier 
that  typically  has: 

1.  Midrange  values  of  voltage  and  current  gain. 

2.  High  power  gain. 

3.  Midrange  input  impedance. 

4.  Midrange  output  impedance. 


The  CE  amplifier  is  also  unique  among  BJT  amplifiers  because  it  produces  a  180° 
voltage  phase  shift  from  its  input  to  its  output,  as  shown  in  Figure  8.13.  The  basis  of  this 
voltage  phase  shift  will  be  discussed  in  Chapter  9. 


FIGURE  8.13  Common-emitter  (CE)  amplifier. 


8.2.2  The  Common-Collector  Amplifier 


Typical  CC  amplifier 


The  common-collector  (CC)  amplifier  is  another  widely  used  BJT  amplifier.  A  typical  CC 
amplifier  is  shown  in  Figure  8.14.  As  you  can  see,  the  input  is  applied  to  the  base  of  the 
transistor,  and  the  output  is  taken  from  the  emitter.  In  this  case,  it  is  the  collector  terminal 
of  the  transistor  that  is  part  of  both  the  input  and  output  circuits  and  provides  the  ac 
ground  (or  common). 

The  CC  amplifier  typically  has  the  following  characteristics: 

1.  Midrange  current  gain. 

2.  Extremely  low  voltage  gain  (slightly  less  than  1). 

3.  High  input  impedance. 

4.  Low  output  impedance. 


The  most  distinguishing  characteristic  here  is  the  extremely  low  voltage  gain  of  this  con¬ 
figuration. 

For  reasons  discussed  in  Chapter  10,  the  voltage  gain  of  the  CC  amplifier  is  slightly 
less  than  unity  (1).  If  we  were  to  assume  that  Av  =  1  for  a  CC  amplifier,  the  output  wave¬ 
form  would  be  identical  to  the  input  waveform,  as  shown  in  Figure  8.14. 
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FIGURE  8.14  Common-collector  (CC)  amplifier. 


Since  the  ac  signal  at  the  emitter  closely  “follows”  the  ac  voltage  at  the  base,  the  CC 
amplifier  is  commonly  referred  to  as  an  emitter  follower.  Note  that  this  circuit  is  most 
commonly  used  for  its  current  gain  and  impedance  characteristics,  as  will  be  shown  in 
Chapter  10. 


Emitter  follower 

Another  name  for  the  common-  ( 
collector  amplifier. 


8.2.3  The  Common-Base  Amplifier 

The  common-base  (CB)  amplifier  is  the  least  often  used  BJT  amplifier  configuration.  A 
typical  CB  amplifier  is  shown  in  Figure  8.15.  As  you  can  see,  the  input  is  applied  to  the 
emitter  of  the  transistor,  and  the  output  is  taken  from  the  collector.  The  “bypass  capaci¬ 
tor”  (CB)  in  the  base  circuit  provides  the  ac  ground  (or  common)  at  that  terminal. 

The  CB  amplifier  typically  has  the  following  characteristics:  I  Typical  CB  amplifier 

1.  Midrange  voltage  gain. 

2.  Extremely  low  current  gain  (slightly  less  than  1). 

3.  Low  input  impedance. 

4.  High  output  impedance. 

If  you  compare  the  CB  amplifier  to  the  ideal  voltage  amplifier,  you’ll  see  immediately 
one  of  the  reasons  why  it  is  rarely  used.  The  low  input  impedance  and  high  output  imped¬ 
ance  of  the  circuit  are  exact  opposites  of  the  impedance  characteristics  of  the  ideal  volt¬ 
age  amplifier.  In  other  words,  its  effective  voltage  gain  will  be  nowhere  near  its  ideal 
value  of  Av. 

The  extremely  low  current  gain  of  the  CB  amplifier  is  because  the  input  is  applied  to 
the  emitter  and  the  output  is  taken  from  the  collector.  Since  collector  current  is  always 
slightly  less  than  emitter  current,  the  value  of  A,-  for  this  circuit  must  be  less  than  unity  (1). 


''out 


FIGURE  8.15 


Common-base  (CB)  amplifier. 
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8.2.4  Comparing  the  BJT  Amplifier  Configurations 

For  the  sake  of  comparison,  the  gain  and  impedance  characteristics  of  CE,  CC,  and  CB 
amplifiers  are  listed  in  Table  8.3.  Note  the  power  gain  entries  in  the  table.  These  entries 
are  based  on  the  following  relationship: 


(8.8) 


TABLE  8.3  A  Comparison  of  CE,  CC,  and  CB  Circuit  Characteristics 


Amplifier  Type 

Av 

Ai 

Ap 

zm 

Zout 

CE 

Midrange 

Midrange 

High 

Midrange 

Midrange 

CC 

<1 

Midrange 

=  A; 

High 

Low 

CB 

Midrange 

<1 

s  Av 

Low 

High 

Just  as  power  equals  the  product  of  voltage  and  current,  power  gain  equals  the  product  of 
Av  and  A,.  In  the  case  of  the  CC  amplifier,  if  we  assume  that  Av  =  1 ,  then  power  gain 
must  equal  current  gain.  In  the  case  of  the  CB  amplifier,  if  we  assume  that  A,  =  1,  then 
power  gain  must  equal  voltage  gain. 

If  you  compare  the  values  given  in  Table  8.3,  you’ll  see  that  CC  and  CB  amplifiers  are 
nearly  opposites  in  terms  of  their  gain  and  impedance  characteristics.  At  the  same  time, 
the  CE  amplifier  is  sort  of  a  “middle-of-the-road”  circuit. 


8.2.5  Determining  the  Configuration  of  an  Amplifier 

There  are  many  different  ways  to  construct  CE,  CC,  and  CB  amplifiers.  The  question  is, 
when  you  see  a  BJT  amplifier  that  you  don’t  recognize,  how  can  you  tell  which  configu¬ 
ration  you  are  dealing  with? 

The  simplest  way  to  determine  the  configuration  of  a  given  BJT  amplifier  is  to  use  this 
technique:  Identify  the  input  and  output  terminals.  The  third  terminal  is  the  common  one. 
For  example,  look  at  the  circuit  shown  in  Figure  8.15.  The  input  is  applied  to  the  emitter, 
and  the  output  is  taken  from  the  collector.  The  third  terminal  is  the  base.  Therefore,  the 
circuit  is  a  common-base  amplifier.  The  other  two  BJT  amplifier  configurations  can  be 
identified  in  the  same  fashion. 

In  Chapters  9  and  10,  we  will  thoroughly  analyze  the  amplifier  configurations  that 
have  been  introduced  in  this  section.  Among  other  things,  you  will  be  shown  how  to  cal¬ 
culate  the  gain  and  impedance  values  that  we  have  used  to  describe  these  circuits. 


1.  What  is  the  basis  for  the  term  common-emitter ? 

2.  What  are  the  gain  and  impedance  characteristics  of  CE  amplifiers? 

3.  In  terms  of  input  and  output  ac  voltages,  how  is  the  CE  amplifier  unique  among  the 
BJT  amplifiers? 

4.  What  is  the  basis  for  the  term  common-collector ? 

5.  What  are  the  gain  and  impedance  characteristics  of  CC  amplifiers? 

6.  What  is  another  name  commonly  used  for  the  CC  amplifier?  What  is  the  basis  of  this 
name? 

7.  What  is  the  basis  for  the  term  common-basel 

8.  What  are  the  gain  and  impedance  characteristics  of  CB  amplifiers? 

9.  Write  a  brief  comparison  of  CE,  CC,  and  CB  amplifiers. 

10.  How  do  you  determine  the  configuration  of  a  BJT  amplifier  that  you  don’t  recognize? 
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8.3  Amplifier  Classifications 


Some  BJT  amplifiers  contain  transistors  that  conduct  during  the  entire  cycle  of  the  input 
signal.  Others  contain  one  or  more  transistors  that  conduct  only  during  a  portion  of  the 
input  cycle.  For  example,  consider  the  circuits  shown  in  Figure  8.16.  The  transistor  in  Fig¬ 
ure  8.16a  conducts  for  the  full  360°  of  the  input  cycle.  When  an  amplifier  contains  a  tran¬ 
sistor  that  conducts  during  the  entire  cycle  of  the  input,  it  is  referred  to  as  a  class  A  ampli¬ 
fier.  In  contrast,  the  class  B  amplifier  shown  in  Figure  8.16b  contains  two  transistors  that 
each  conduct  for  approximately  180°  of  the  input  cycle.  The  class  C  amplifier  shown  in 
Figure  8. 16c  contains  a  single  transistor  that  conducts  for  less  than  1 80°  of  the  input  cycle. 

In  this  section,  we  will  look  at  each  of  these  types  of  amplifiers  and  the  ways  in  which 
they  differ.  First,  however,  we  will  look  at  some  of  the  factors  that  determine  which  class 
of  amplifier  is  used  in  a  given  application. 


+  vcc 


FIGURE  8.16  Different  classes  of  amplifiers. 


Class  C 

i - If 


8.3.1  Amplifier  Efficiency 

Amplifiers  actually  increase  the  power  level  of  an  ac  input  by  transferring  power  from  the 
dc  power  supply  to  the  input  signal.  For  example,  consider  the  circuit  shown  in  Figure 
8.17.  The  input  signal  is  shown  to  have  a  power  rating  of  1.5  mW.  With  a  value  of  Ap  = 
300,  the  load  power  is  shown  to  be  450  mW.  The  difference  between  Pin  and  Pout  is 
448.5  mW.  Where  did  this  power  come  from?  The  power  was  actually  transferred  from 
the  dc  power  supply  to  the  load  by  the  amplifier. 


Class  A  amplifier 

An  amplifier  with  a  single 
transistor  that  conducts  during 
the  entire  input  cycle. 

Class  B  amplifier 
An  amplifier  with  two 
transistors  that  each  conduct  for 
approximately  half  the  input 
cycle. 

Class  C  amplifier 

An  amplifier  with  one  transistor 
that  conducts  for  less  than  180° 
of  the  input  cycle. 


+  vcc 


(C) 


◄  OBJECTIVES 


Section  8.3  Amplifier  Classifications 


297 


The  ideal  amplifier  would  be 

mm.masipi. 


FIGURE  8.17 


Efficiency  (rj) 

The  percentage  of  the  power 
drawn  from  the  dc  power 
supply  that  an  amplifier 
actually  delivers  to  its  load. 


The  ideal  amplifier  would  deliver  100%  of  the  power  it  draws  from  the  dc  power  sup¬ 
ply  to  the  load.  In  practice,  however,  this  does  not  occur  because  the  components  in  the 
amplifier  are  all  dissipating  some  amount  of  power.  For  example,  consider  the  circuit 
shown  in  Figure  8.18.  Assuming  that  the  amplifier  is  operating  normally,  there  is  always 
some  amount  of  current  through  each  of  the  amplifier  components.  Since  each  component 
has  a  measurable  value  of  current  through  it  and  a  measurable  voltage  across  it,  each  is 
dissipating  power.  This  power  dissipation,  which  is  illustrated  in  the  figure,  reduces  the 
amount  of  power  available  to  be  transferred  to  the  load. 


Vcc 


Resistor  Power  Equations 
Pm  - 

Pm  =  7f  fife 
pre  =  >lRe 

P™  =  IrRr 


FIGURE  8.18 


A  figure  of  merit  for  any  amplifier  is  its  efficiency.  The  efficiency  of  an  amplifier  is 
the  percentage  of  the  power  drawn  from  the  supply  that  is  actually  delivered  to  the  load. 
Efficiency,  which  is  represented  by  the  Greek  letter  t)  (called  eta),  is  found  as 

ti  =  £-  X  100  (8.9) 

*  dc 


where  t]  =  the  efficiency  of  the  amplifier,  written  as  a  percentage  (%) 

PL  =  the  ac  load  power 
Pdc  =  the  dc  input  power 

Example  8.6  further  illustrates  the  concept  of  amplifier  efficiency. 

EXAMPLE  8.6 _ 

An  amplifier  is  continuously  drawing  1 .2  W  from  its  dc  power  supply.  If  the  ac  load 
power  for  the  circuit  is  240  mW,  what  is  the  amplifier’s  efficiency  rating? 

Solution:  The  efficiency  rating  of  the  amplifier  is  found  as 


PL 

240  mV 

Tl  =  - 

X  100  = -  X  100  =  20% 

1.2  W 

Thus,  only  20%  of  the  power  drawn  from  the  supply  is  actually  delivered  to  the 
load.  The  other  80%  is  used  by  the  amplifier  itself. 

Practice  Problem  8.6 

An  amplifier  is  continuously  drawing  3.3  W  from  its  dc  power  supply.  If  the  ac  load 
power  for  the  circuit  is  450  mW,  what  is  the  efficiency  rating  of  the  circuit? 
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The  higher  the  efficiency  rating  of  an  amplifier,  the  closer  it  comes  to  the  ideal.  As  you 
will  see,  the  maximum  possible  efficiency  ratings  for  class  A,  class  B,  and  class  C  ampli¬ 
fiers  differ  significantly. 


8.3.2  Distortion 


One  of  the  goals  in  amplification  is  to  produce  an  output  waveform  that  has  the  exact 
same  shape  as  the  input  waveform.  Ideally,  every  linear  amplifier  should  be  capable  of 
producing  a  duplicate  of  any  input  waveform. 

Distortion  is  defined  as  any  undesired  change  in  the  shape  of  a  waveform.  The  wave¬ 
forms  shown  in  Figure  8.19  illustrate  two  different  types  of  distortion  that  can  be  pro¬ 
duced  by  amplifiers.  As  upcoming  chapters  will  show,  each  of  these  types  of  distortion  is 
characteristic  of  one  or  more  of  the  amplifier  classes. 


Distortion 

Any  undesired  change  in  the 
shape  of  a  waveform. 


Wavefront  rounding  caused 
by  nonlinear  transistor 
operation 


(a)  Nonlinear  distortion 
FIGURE  8.19  Waveform  distortion. 


8.3.3  Class  A  Amplifiers 


Most  of  the  amplifiers  you  will  see  in  the  field,  whether  they  contain  a  BJT  or  some 
other  active  device,  are  class  A  amplifiers.  Under  normal  operating  conditions,  a  class  A 
amplifier  has: 

1.  An  active  device  that  conducts  during  the  entire  360°  of  the  input  cycle. 

2.  An  output  that  contains  little  or  no  distortion. 

3.  A  maximum  theoretical  efficiency  of  25%. 

Class  A  operation  is  achieved  in  a  BJT  amplifier  by  midpoint  biasing  the  transistor.  As 
you  may  recall,  midpoint  bias  allows  the  BJT  output  to  vary  widely  around  the  g-point 
without  hitting  saturation  or  cutoff,  thus  ensuring  linear  operation.  This  point  is  illus¬ 
trated  in  Figure  8.20.  As  you  can  see,  the  output  from  the  amplifier  represented  would  be 
a  near-perfect  reproduction  of  the  input.  Biasing  the  BJT  above  or  below  midpoint  would 
result  in  one  of  two  situations: 


◄  OBJECTIVE  9 


1.  A  reduction  in  the  maximum  possible  amplifier  output. 

2.  Distortion. 


This  point  is  discussed  further  in  Chapter  11,  along  with  the  basis  of  the  25%  maximum 
efficiency  rating  for  the  class  A  amplifier. 

Because  of  their  relatively  poor  efficiency  ratings,  class  A  amplifiers  are  generally 
used  as  small-signal  (low-power)  amplifiers.  Small-signal  amplifiers  are  primarily  used 
to  drive  higher-power  stages.  One  example  of  a  higher-power  stage  is  the  audio  output 
stage  in  a  stereo  system. 


8.3.4  Class  B  Amplifiers 

The  class  B  amplifier  typically  contains  two  transistors  that  are  connected  as  shown  in 
Figure  8.21.  Each  transistor  in  this  type  of  amplifier  conducts  during  one  alternation  of 
the  ac  input  cycle  and  is  in  cutoff  during  the  other  alternation.  With  one  transistor  con¬ 
ducting  during  the  negative  alternation  of  the  ac  input  and  the  other  conducting  during 
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YcE( off) 


FIGURE  8.20 


Midpoint  bias. 


^CEIctt)  a  ^cc 


the  positive  alternation,  a  complete  360°  output  waveform  is  produced  (as  shown).  Under 
normal  operating  conditions,  a  class  B  amplifier  has: 


1.  Two  transistors  that  are  biased  at  cutoff  (each  conducts  during  one  alternation  of  the 
ac  input  cycle). 

2.  An  output  that  contains  little  or  no  distortion. 

3.  A  maximum  theoretical  efficiency  of  approximately  78.5%. 


Class  AB  amplifier 

An  amplifier  with  two 
transistors  that  each  conduct  for 
slightly  more  than  180°  of  the 
input  cycle. 


The  relatively  high  efficiency  rating  of  the  class  B  amplifier  makes  it  very  useful  as  a 
higher-power  amplifier.  The  audio  output  stage  mentioned  earlier  is  typically  a  class  B 
amplifier. 

One  variation  of  the  class  B  amplifier  is  the  class  AB  amplifier  shown  in  Figure  8.22. 
In  the  class  AB  amplifier,  which  is  also  known  as  a  diode-biased,  amplifier,  each  transistor 
conducts  for  slightly  more  than  180°  of  the  ac  input  cycle.  As  you  will  see  in  Chapter  11, 
this  circuit  is  used  to  prevent  a  specific  type  of  distortion  that  can  be  produced  by  a  stan¬ 
dard  class  B  amplifier. 


vcc 


FIGURE  8.21  Class  B  amplifier  operation. 
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FIGURE  8.22  The  class  AB  (diode-bias)  amplifier. 


8.3.5  Class  C  Amplifiers 

The  class  C  amplifier  contains  a  single  transistor  that  conducts  for  less  than  1 80°  of  the  ac 
input  cycle.  A  typical  BJT  class  C  amplifier  is  shown  in  Figure  8.23. 


+vcc 


The  BJT  in  the  class  C  amplifier  is  biased  deeply  into  cutoff.  The  ac  input  to  the 
amplifier  causes  the  transistor  to  conduct  for  a  brief  time  during  the  input  cycle.  The  rest 
of  the  output  waveform  shown  in  Figure  8.23  is  produced  by  the  LC  tank  in  the  collector 
circuit  of  the  amplifier. 

The  class  C  amplifier,  by  its  design,  is  a  tuned  amplifier.  A  tuned  amplifier  is  one 
that  produces  a  usable  output  for  a  specific  range  of  input  frequencies.  Since  the  class 
C  amplifier  is  a  tuned  amplifier,  coverage  of  this  type  of  circuit  is  reserved  for  Chapter 
17.  At  this  point,  we  are  interested  only  in  establishing  the  class  C  amplifier  as  one  that 
typically  has: 

1.  A  single  transistor  that  conducts  for  less  than  180°  of  the  ac  input  cycle. 

2.  An  output  that  may  contain  a  significant  amount  of  distortion. 

3.  A  maximum  theoretical  efficiency  rating  of  approximately  99%. 

It  would  seem  that  the  high  efficiency  rating  of  the  class  C  amplifier  would  make  it  the 
ideal  power  amplifier.  However,  the  distortion  characteristics  of  the  circuit  limit  its  use. 


Tuned  amplifier 

An  amplifier  designed  to  have  a 
specific  value  of  gain  over  a 
specified  range  of  frequencies. 
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8.3.6  Summary 

Most  amplifiers  fall  into  one  of  the  classifications  described  in  this  section.  The  charac¬ 
teristics  of  class  A,  B,  and  C  amplifiers  are  summarized  in  Figure  8.24. 


i^M 

1m  •  H* 


.  :  . 

.  .•  •  ■  -■ 


Little  or  none.  Subject 
to  nonlinear  distortion. 


Little  or  none.  Crossover 
distortion  is  most  common, 


FIGURE  8.24  Amplifier  classes. 


Section  Review  ►  1.  How  does  an  amplifier  increase  the  power  level  of  an  ac  input  signal? 

2.  What  is  the  efficiency  rating  of  an  amplifier? 

3.  What  would  the  efficiency  rating  be  for  an  ideal  amplifier?  Why  can’t  this  rating  be 
achieved  in  practice? 

4.  What  is  distortion ?  Why  is  it  undesirable? 

5.  What  are  the  typical  characteristics  of  a  class  A  amplifier? 

6.  In  terms  of  biasing,  how  is  class  A  operation  achieved?  Explain  your  answer. 

7.  Why  are  class  A  amplifiers  typically  used  as  small-signal  amplifiers? 

8.  What  are  the  typical  characteristics  of  a  class  B  amplifier? 

9.  What  is  a  class  AB  amplifier?  Why  is  it  used? 

10.  What  are  the  typical  characteristics  of  a  class  C  amplifier? 

11.  How  is  the  output  of  a  class  C  amplifier  produced? 

12.  What  factor  limits  the  use  of  the  class  C  amplifier? 
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8.4  Decibels 


Component  and  system  specification  sheets  often  list  voltage  gain  and/or  power  gain  val¬ 
ues.  These  values,  when  provided,  are  often  expressed  in  decibel  (dB)  form.  A  decibel 
(dB)  is  a  logarithmic  unit  used  to  express  the  ratio  of  one  value  to  another.  Writing  num¬ 
bers  in  dB  form  allows  us  to  easily  represent  very  large  gain  values  as  relatively  small 
numbers.  For  example,  a  power  gain  of  1,000,000  is  equal  to  60  dB. 

In  this  section,  you  will  be  shown  how  to  convert  numbers  back  and  forth  between 
standard  numeric  form  and  dB  form.  You  will  also  be  shown  the  advantages  and  limita¬ 
tions  of  using  dB  gain  values. 

8.4.1  dB  Power  Gain 

The  dB  power  gain  of  an  amplifier  is  the  ratio  of  output  power  to  input  power,  equal  to 
10  times  the  common  log  of  that  ratio.  By  formula, 

^piaB)  ~  10  (8.10) 

or 

AndB).  —  10  log  |  (8.11) 


Example  8.7  demonstrates  the  process  for  finding  the  decibel  power  gain  of  an  amplifier. 

EXAMPLE  8.7 _ 

A  given  amplifier  has  values  of  Pin  =  100  p.W  and  Pou[  =  2  W.  Calculate  the  dB 
power  gain  of  the  amplifier. 

Solution:  The  dB  power  gain  of  the  amplifier  is  found  as 
P  2  W 

Ap(dB,  =  10  log  =  10  log  ~  =  10  log  (20,000)  =  43.01  dB 

/  jD  lUU  JXW 


Practice  Problem  8.7 

An  amplifier  has  values  of  Pin  =  420  jxW  and  PuM  =  6  W.  What  is  the  dB  power 
gain  of  the  amplifier? 


When  you  need  to  convert  a  dB  power  gain  value  to  standard  numeric  form,  the  fol¬ 
lowing  equation  is  used: 


lit 


A"  ~  08  ~io"" 


(8.12) 


where  (log  *)  represents  the  inverse  log  of  the  fraction.  Example  8.8  demonstrates  the 
conversion  of  a  dB  power  gain  value  to  standard  numeric  form. 


EXAMPLE  8.8 

A  given  amplifier  has  a  power  gain  of  3  dB.  What  is  the  ratio  of  output  power  to 
input  power  for  the  circuit? 

Solution:  The  ratio  of  output  power  to  input  power  is  found  as 


,  ^p(dB)  ,  3  dB  , 

Ap  =  log"1  - '  =  log"1  —  =  log" ‘(0.3)  =  1.995 


◄  OBJECTIVE  10 

Decibel  (dB)  . 

A  logarithmic  unit  used  to 
express  the  ratio  of  one  value  to 
another. 


dB  power  gain 

The  ratio  of  circuit  output 
power  to  input  power,  equal  to 
10  times  the  common  log  of 
that  ratio. 
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Thus,  a  gain  of  3  dB  represents  a  ratio  of  output  power  to  input  power  that  is 
approximately  equal  to  2;  that  is,  the  output  power  is  approximately  twice  the  value 
of  the  input  power. 

Practice  Problem  8.8 

An  amplifier  has  a  dB  power  gain  of  20  dB.  What  is  the  ratio  of  output  power  to 
input  power  for  the  circuit? 


When  the  input  power  and  dB  power  gain  of  an  amplifier  are  known,  the  output 
power  is  found  by  first  converting  the  dB  power  gain  to  standard  numeric  form.  Then 
the  output  power  is  found  as  the  product  of  Ap  and  Pm.  Example  8.9  demonstrates  this 
process. 

EXAMPLE  8.9 _ 

A  given  amplifier  has  values  of  Pin  =  50  mW  and  Ap(dB)  =  3  dB.  Calculate  the 

amplifier  output  power. 

Solution:  First,  the  value  of  3  dB  is  converted  to  standard  numeric  form  as  follows: 

.  ,  _i^p(dB)  ,  _!3dB  , 

AP  -  ,0§  -Jq-  =  lo§  “7^"  =  log  (03)  =  2 

Now,  using  Ap  =  2,  the  value  of  the  output  power  is  found  as 
Pom  =  A An  =  (2X50  mW)  =  100  mW 


Practice  Problem  8.9 

An  amplifier  has  values  of  Ap(dB)  =  5.2  dB  and  Pin  =  40  p.W.  Calculate  the  output 
power  for  the  circuit. 


The  standard  numeric  form  of  3  dB  was  rounded  off  to  2  in  Example  8.9.  When  work¬ 
ing  with  power  gain  values,  it  is  standard  practice  to  assume  that  3  dB  =  2. 

When  output  power  and  dB  power  gain  are  known,  the  input  power  is  found  as  shown 
in  Example  8.10.  Note  the  similarity  between  this  procedure  and  the  one  shown  in 
Example  8.9. 

EXAMPLE  8.10 _ 

A  circuit  has  values  of  Ap(dB)  =  -3  dB  and  PoM  =  50  mW.  Calculate  the  value  of 
the  circuit  input  power. 

Solution:  First,  we  must  convert  the  value  of  —  3  dB  to  standard  numeric  form  as 
follows: 


-VdB)  i 

AP  =  log  ^r  =  1°s 


-3  dB 

10 


log~‘(— 0.3)  a  0.5 


Now,  the  value  of  the  input  power  is  found  as 


50  mW 
0.5 


=  100  mW 


Practice  Problem  8.10 

An  amplifier  with  a  power  gain  of  12.4  dB  has  an  output  power  of  2.2  W.  Calculate 
the  value  of  Pm  for  the  circuit. 
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If  we  take  a  moment  to  compare  the  results  of  Examples  8.9  and  8.10,  we  can  come  to 
some  very  important  conclusions  regarding  the  use  of  dB  values.  For  convenience,  the 
results  for  the  two  examples  are  listed  here: 

Example  dB  Power  Gain  Pln(mW)  POM  fmW ) 

8.9  3  dB  50  mW  100  mW 

8.10  —3  dB  100  mW  50  mW 


The  conclusions  that  we  can  draw  from  these  results  are  as  follows: 


1.  Positive  dB  values  represent  a  power  gain,  while  negative  dB  values  represent  a  power 
loss.  When  the  gain  was  +3  dB,  the  output  power  was  greater  than  the  input  power. 
When  the  gain  was  -3  dB,  the  output  power  was  actually  less  than  the  input  power. 

2.  Positive  and  negative  decibels  of  equal  magnitude  represent  reciprocal  gains  and 
losses.  A  +3  dB  gain  caused  power  to  double,  while  a  —  3  dB  gain  caused  power  to 
be  cut  in  half. 


Positive  versus  negative  dB 


The  relationship  described  in  conclusion  (2)  can  be  stated  mathematically  as  follows: 

Ifx  dB  represents  a  power  gain  ofy,  then 
—x  dB  represents  a  power  loss  equal  to  1/y. 

Table  8.4  lists  some  examples  of  this  relationship. 


TABLE  8.4  Some  Examples  of  Equal  Positive 
and  Negative  dB  Values 


dB  Value 

Gain 

dB  Value 

Loss 

3 

2 

-3 

Vl 

6 

4 

-6 

>/4 

12 

16 

-12 

'/.  6 

20 

100 

-20 

'/Too 

The  fact  that  equivalent  (+)  and  (-)  dB  values  represent  gains  and  losses  that  are  reci¬ 
procals  is  one  of  the  reasons  that  dBs  are  commonly  used.  Granted,  they  can  appear  a  bit 
intimidating  at  first.  However,  once  you  get  used  to  seeing  gains  represented  as  dB  val¬ 
ues,  you  will  have  no  problem  using  them. 

Another  advantage  of  using  dB  gain  values  is  as  follows:  In  multistage  amplifiers,  the 
total  gain  of  the  circuit  is  equal  to  the  sum  of  the  individual  amplifier  dB  gains.  For  exam¬ 
ple,  let’s  say  that  two  amplifiers  are  connected  as  shown  in  Figure  8.25.  The  total  power 
gain  for  the  circuit  is  found  as  20  dB  +  6  dB  =  26  dB.  The  basis  of  this  relationship  is 
discussed  in  Chapter  9. 


FIGURE  8.25  dB  gains  are  additive. 

8.4.2  The  dBm  Reference 

On  some  specification  sheets,  you  will  see  power  ratings  that  are  listed  as  dBm  values. 
For  example,  a  stereo  may  be  listed  as  having  a  maximum  output  power  of  50  dBm.  This 
rating  tells  you  that  the  maximum  output  power  from  the  stereo  is  50  dB  above  1  mW. 
Power,  measured  in  dBm,  is  found  as 


(8.13) 
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Note  that  dBm  values  represent  actual  power  levels.  In  contrast,  dB  values  represent 
power  ratios.  This  point  is  illustrated  in  Examples  8.11  and  8.12. 

EXAMPLE  8.11  _ 

An  amplifier  has  a  rating  of  Ap  X  50  dB.  Calculate  the  output  power  of  the  amplifier. 

Solution:  The  problem  cannot  be  solved  as  given.  The  value  of  50  dB  represents 
the  ratio  of  output  power  to  input  power.  Since  no  input  power  value  was  given,  we 
cannot  determine  the  value  of  the  output  power. 


EXAMPLE  8.12 _ 

The  output  rating  of  an  amplifier  is  given  as  50  dBm.  Calculate  the  output  power 
for  the  circuit. 

Solution:  Since  the  circuit  is  rated  in  dBm,  the  actual  output  power  can  be  found 
as  follows: 

A,  =  log"1  =  log" '(5.0)  =  1  X  10s 
and 

Pout  =  Ap{  1  mW)  =  (1  x  105)(1  mW)  =  100  W 


We  have  solved  the  problem  by  converting  the  dBm  rating  to  a  value  of  gain  and 
then  multiplying  that  gain  by  1  mW.  This  is  the  standard  approach  to  this  problem. 

Practice  Problem  8.12 

An  amplifier  has  an  output  power  rating  of  32  dBm.  Determine  the  actual  output 
power  from  the  circuit. 


As  you  can  see,  dBm  values  can  be  used  to  determine  actual  power  values,  while  dB 
values  simply  indicate  the  ratio  of  output  power  to  input  power. 


8.4.3  dB  Voltage  Gain 

The  dB  voltage  gain  of  an  amplifier  is  found  as 

-^KdB)  =  20  log  Av 


or 


A*  dB)  =  20  log 


vin 


(8.14) 


(8.15) 


As  equation  (8.15)  shows,  a  multiplier  of  20  is  used  (in  place  of  the  10)  when  calculating 
dB  voltage  gain.  The  use  of  equation  (8.15)  is  demonstrated  in  Example  8.13. 


EXAMPLE  8.13 _ 

An  amplifier  has  values  of  vin  =  25  mV  and  vout  =  2  V.  Calculate  the  dB  voltage 
gain  of  the  circuit. 

Solution:  Using  equation  (8.14)  and  the  values  given  in  the  problem,  the  dB  volt¬ 
age  gain  of  the  amplifier  is  found  as 

A^b)  =  20  log  ^  =  20  log^  =  20  log(80)  =  38.1  dB 
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Practice  Problem  8.13 

An  amplifier  with  a  25  mV  input  has  a  7.8  V  output.  Calculate  the  dB  voltage  gain 
of  the  circuit. 


When  you  want  to  convert  a  dB  voltage  gain  value  to  standard  numeric  form,  the  fol¬ 
lowing  equation  is  used: 


Av  =  log  ~lo~ 


(8.16) 


Again,  note  the  change  in  the  denominator  of  the  equation.  Example  8.14  demonstrates 
the  use  of  this  equation. 

EXAMPLE  8.14 _ 

A  given  amplifier  has  a  voltage  gain  of  6  dB.  What  is  the  ratio  of  output  voltage  to 
input  voltage  for  the  circuit? 

Solution:  Using  equation  (8.16),  the  ratio  of  output  voltage  to  input  voltage  is 
found  as 


A,  =  log  1  =  log  1  ^  =  log  ‘(0.3)  =  2 

Practice  Problem  8.14 

A  given  amplifier  has  a  voltage  gain  of  12  dB.  What  is  the  ratio  of  output  voltage  to 
input  voltage? 


As  is  the  case  with  dB  power  values,  negative  dB  voltage  values  indicate  a  voltage 
loss.  This  point  is  illustrated  in  Example  8.15. 

EXAMPLE  8.15 _ 

A  circuit  has  a  dB  voltage  gain  of  -6  dB.  What  is  the  ratio  of  output  voltage  to 
input  voltage  for  the  circuit? 

Solution:  Using  equation  (8.16),  the  ratio  of  output  voltage  to  input  voltage  is 
found  as 


A  ,  -i  ^v(dB)  -6dB 

A  =  log  —  =  log  — 


log-'(-0.3)  -  0.5 


Practice  Problem  8.15 

A  circuit  has  a  voltage  gain  of  - 12  dB.  What  is  the  ratio  of  output  voltage  to  input 
voltage  for  the  circuit? 


Do  you  see  a  pattern  here?  All  the  rules  for  dB  power  gains  apply  to  dB  voltage  gains 
as  well.  The  only  difference  is  that  dB  voltage  gain  calculations  use  a  constant  of  20 
instead  of  10. 

8.4.4  The  Basis  for  Equation  (8.15) 

By  definition,  the  dB  power  gain  of  an  amplifier  is  found  as 

Arm)  =  10  log  — 

•in 
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Using  the  basic  power  relationships,  Poul  and  Pin  can  be  found  as 


== -  aiiu 


P-  =  — - 


/?ou«  ",  “  R- 

If  we  substitute  these  values  into  the  equation  for  Ap(dB),  we  get 

Fn..t  .  -  .  vl„/R, 


V  <1B> 


10  log 


out 

p 

1  in 


i  r\  i  KOUt//vOUt 

10  log— - 


.1  D 

\  r\  a  KOUt  i  ini  ^in 

=  10  log—  +  10  log  — 
V:JRm  Vin  Rout 


or 


VdB)  ~  20  log  +  10  log 

vin  “out 


This  power  gain  equation  contains  dB  voltage  and  resistance  ratios.  The  voltage  compo¬ 
nent  of  the  equation  is  referred  to  as  dB  voltage  gain.  Stated  mathematically, 


*v(dB) 


20  log  - 


which  is  equation  (8. 15). 

Something  interesting  happens  when  we  have  a  circuit  with  equal  input  and  output 
resistance  values,  that  is,  when  Rin  =  Rout.  In  this  case, 

A-mB)  =  20  log  —  +  10  log  =  20  log  —  +  10  log  (1)  =  20  log  -^“t  +  0  dB 

vin  Rout  vin  V'n 

or 

ApfdB)  =  20  log  —  (when  Rin  =  R0J  (8.17) 


As  the  above  relationship  indicates,  dB  power  gain  and  dB  voltage  gain  are  equal  when 
amplifier  input  and  output  resistance  are  equal. 

8.4.5  Changes  in  dB  Gain 

When  the  voltage  gain  of  an  amplifier  changes  by  a  given  number  of  decibels,  the  power 
gain  of  the  amplifier  changes  by  the  same  number  of  decibels.  By  formula, 

AAP  =  A Av  (8.18) 

For  example,  if  the  voltage  gain  of  an  amplifier  changes  by  -3  dB,  the  power  gain  of  the 
amplifier  also  changes  by  —  3  dB.  The  values  of  Ap  and  Av  for  the  circuit  may  or  may  not  be 
equal,  but  they  will  change  by  the  same  number  of  decibels.  This  point  will  become  impor¬ 
tant  when  we  study  the  frequency  response  characteristics  of  amplifiers  in  Chapter  14. 


8.4.6  One  Final  Note  on  Decibels 


Experience  has  shown  that  most  people  take  a  while  to  get  used  to  working  with  dB  gain 
values.  Although  the  whole  concept  of  decibels  may  seem  a  bit  strange  at  first,  rest 
assured  that  everything  will  “click”  for  you  eventually.  In  the  meantime,  the  following  list 
of  summary  points  on  decibels  will  help.  Whenever  you  are  not  sure  about  the  meaning  of 
a  given  set  of  dB  values,  refer  to  this  list: 


1.  Decibels  are  logarithmic  representations  of  gain  values. 

2.  Decibel  power  gain  is  found  as  10  log  Ap. 
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3.  Decibel  voltage  gain  is  found  as  20  log  Av. 

4.  When  Av  changes  by  a  given  number  of  decibels,  Ap  changes  by  the  same  number 
of  decibels. 

5.  You  cannot  use  dB  voltage  and  power  gain  values  as  multipliers.  For  example,  if 
you  want  to  determine  vout,  given  vin  and  Av(dB),  you  must  convert  Av(dB)  to  standard 
numeric  form  before  multiplying  to  find  vout. 


◄  Section  Review 

1.  What  is  a  decibel ? 

2.  Why  are  power  gain  values  often  written  in  dB  form? 

3.  What  is  the  primary  restriction  on  using  dB  power  gain  values? 

4.  What  is  the  relationship  between  positive  and  negative  dB  values? 

5.  What  is  the  dBm  reference?  How  does  it  differ  from  dB  power  gain? 

6.  What  is  the  primary  difference  between  dB  voltage  calculations  and  dB  power 
calculations? 

7.  What  is  the  relationship  between  changes  in  dB  voltage  gain  and  dB  power  gain? 


CHAPTER  SUMMARY 

Here  is  a  summary  of  the  major  points  made  in  this  chapter: 

1.  Amplification  is  the  process  of  increasing  the  strength  of  an  ac  signal,  that  is, 
increasing  its  power  level. 

2.  Amplifiers  are  circuits  used  to  provide  amplification. 

3.  All  amplifiers  have  three  fundamental  properties: 

a.  Gain. 

b.  Input  impedance. 

c.  Output  impedance. 

4.  The  above  properties  can  be  used  to  form  a  general  amplifier  model  (see  Figure  8.1). 

5.  Gain  is  a  multiplier  that  exists  between  a  circuit’s  input  and  output. 

6.  There  are  three  types  of  gain: 

a.  Voltage  gain  (Av). 

b.  Current  gain  (A,). 

c.  Power  gain  ( Ap ). 

7.  Technically  defined,  gain  is  a  ratio  of  an  output  value  to  its  corresponding  input 
value  (see  Example  8.1). 

a.  Under  normal  circumstances,  amplifier  gain  does  not  change  significantly. 

b.  A  change  to  the  input  of  an  amplifier  results  in  a  change  in  the  corresponding 
output  value. 

8.  The  general  amplifier  model  can  be  used  to  demonstrate  the  input  and  output  rela¬ 
tionships  of  an  amplifier  (see  Figure  8.4b). 

9.  The  input  impedance  (Zin)  of  an  amplifier  forms  a  voltage  divider  with  the  source 
resistance  ( Rs )  (see  Figure  8.5). 

10.  Amplifier  output  impedance  (Zout)  forms  a  voltage  divider  with  the  load  resistance 
( Rl )  (see  Figure  8.6). 

11.  The  effect  of  Zout  and  R,  on  amplifier  output  voltage  is  demonstrated  in  Example 
8.5. 

12.  The  amplifier  input  and  output  circuits  combine  to  reduce  the  effective  voltage  gain 
of  an  amplifier  from  its  ideal  value  (see  Section  8.1.7). 

13.  The  reduction  in  voltage  gain  caused  by  the  amplifier  input  and  output  circuits  can 
be  limited  by: 

a.  Increasing  the  value  of  Zin. 

b.  Decreasing  the  value  of  Zout. 
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14.  The  ideal  voltage  amplifier  has  the  following  characteristics: 

a.  Infinite  gain  (if  needed). 

b.  Infinite  input  impedance. 

c.  Zero  output  impedance. 

15.  There  are  three  BJT  amplifier  configurations: 

a.  Common-emitter  (CE)  amplifier. 

b.  Common-collector  (CC)  amplifier,  or  emitter  follower. 

c.  Common-base  (CB)  amplifier. 

All  three  are  shown  in  Figure  8.12. 

*16.  The  CE  amplifier,  which  is  the  most  widely  used,  has  the  following  characteristics: 

a.  Midrange  values  of  voltage  and  current  gain. 

b.  High  power  gain. 

c.  Midrange  input  impedance. 

d.  Midrange  output  impedance. 

*17.  The  CC  amplifier  has  the  following  characteristics: 

a.  Midrange  current  gain. 

b.  Extremely  low  voltage  gain  (slightly  less  than  1). 

c.  High  input  impedance. 

d.  Low  output  impedance. 

*18.  The  CB  amplifier,  which  is  the  least  often  used,  has  the  following  characteristics: 

a.  Midrange  voltage  gain. 

b.  Extremely  low  current  gain  (slightly  less  than  1) 

c.  Low  input  impedance. 

d.  High  output  impedance. 

19.  The  power  gain  of  an  amplifier  equals  the  product  of  voltage  gain  and  current 
gain. 

a.  Since  the  voltage  gain  of  a  CC  amplifier  is  slightly  less  than  1,  Ap  =  A,. 

b.  Since  the  current  gain  of  a  CB  amplifier  is  slightly  less  than  1,  Ap  =  Av. 

20.  The  configuration  of  an  amplifier  can  be  identified  by  determining  the  input  and 
output  terminals.  The  third  terminal  is  the  common  terminal. 

21.  A  class  A  amplifier  contains  a  single  transistor  that  conducts  during  the  entire  input 
cycle  (see  Figure  8.16a). 

22.  A  class  B  amplifier  contains  two  transistors  that  each  conduct  for  approximately 
180°  of  the  input  cycle  (see  Figure  8.16b). 

23.  A  class  C  amplifier  contains  a  single  transistor  that  conducts  for  less  than  180°  of 
the  input  cycle  (see  Figure  8.16c). 

24.  The  efficiency  of  an  amplifier  indicates  the  percentage  of  the  power  drawn  from  the 
power  supply  that  is  actually  delivered  to  the  load. 

a.  The  maximum  theoretical  efficiency  of  a  class  A  amplifier  is  25%. 

b.  The  maximum  theoretical  efficiency  of  a  class  B  amplifier  is  78.5%. 

c.  The  maximum  theoretical  efficiency  of  a  class  C  amplifier  is  99%. 

25.  Distortion  is  any  undesired  change  in  the  shape  of  a  waveform. 

26.  Decibel  (dB)  power  gain  is  a  ratio  of  output  power  to  input  power,  expressed  as  10 
times  the  common  logarithm  of  that  ratio. 

27.  The  use  of  dB  values  allows  us  to  represent  very  large  gains  using  relatively  small 
values;  for  example,  1,000,000  =  60  dB. 

a.  The  dB  power  gain  of  an  amplifier  is  determined  as  shown  in  Example  8.7. 

b.  The  dB  power  gain  of  an  amplifier  is  converted  to  standard  numeric  form  as 
shown  in  Example  8.8. 

28.  Positive  dB  values  represent  power  gain,  while  negative  dB  values  represent  power 
loss. 


*  See  Table  8.2  for  the  limits  of  the  ranges  given. 
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29.  Positive  and  negative  dBs  of  equal  magnitude  represent  reciprocal  gains  and  losses. 

a.  Example:  3  dB  =  2,  and  -3  dB  =  Vi. 

b.  If  x  dB  represents  a  power  gain  of  y,  then  —x  dB  represents  a  power  loss  equal  to  1/y. 

30.  Spec  sheet  power  ratings  are  commonly  listed  as  dBm  values.  A  dBm  value  refer¬ 
ences  a  power  level  to  1  mW.  (See  Example  8.12.) 

31.  dB  voltage  gain  is  a  ratio  of  output  voltage  to  input  voltage,  expressed  as  20  times 
the  common  logarithm  of  that  ratio. 

32.  The  principles  presented  on  dB  power  gain  apply  to  dB  voltage  gain  as  well. 

33.  A  change  in  dB  voltage  gain  causes  an  identical  change  in  dB  power  gain. 


Equation  Number 

Equation 

Section  Number 

(8.1) 

A  VOUt 

vin 

8.1 

(8.2) 

Tout  AvVjn 

8.1 

(8.3) 

*  *OUt 

A;  =  — 

«in 
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(8.4) 

p 

A  r  out 

An  =  - 

'  'Pin 

8.1 
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^in 

Vin“  VsRs  +  Zin 

8.1 

(8.6) 

Rl 

^ L  ^OUt  ry  1  n 

Anil  +  Kl 

8.1 

(8.7) 

A  -  Yk 

^v(eff) 

VS 

8.1 

(8.8) 

ii 

■c 

> 

8.2 

(8.9) 

■n  =  x  ioo 

*dc 

8.3 

(8.10) 
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8.4 

(8.11) 

Apm)=  10  log^f 

'in 

8.4 

(8.12) 

,  —  \  ^p(dB) 

A„  =  log 
p  s  1Q 

8.4 

(8.13) 

PdBm  =  10  log 

1  mW 

8.4 

(8.14) 

^v(dB)  =  20  log  Av 

8.4 

(8.15) 

Avm)  =  20  log  — 

^in 

8.4 

(8.16) 

Av(dB) 

Av  =  log  - 

6  20 

8.4 

(8.17) 

AMdB)  =  20  log  ~  (when  Rin  =  Rout ) 
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KEY  TERMS 


amplification  284 
amplifier  284 
amplifier  input 
impedance  287 
amplifier  output 
impedance  289 
class  A  amplifier  297 
class  AB  amplifier  300 
class  B  amplifier  297 
class  C  amplifier  297 
common-base  (CB) 
amplifier  295 


common-collector  (CC) 
amplifier  294 
common-emitter  (CE) 
amplifier  293 
current  gain  (A;)  285 
dBm  reference  305 
dB  power  gain  303 
dB  voltage  gain  306 
decibel  (dB)  303 
distortion  299 
efficiency  (r|)  298 
emitter  follower  295 


gain  285 
general  amplifier 
model  284 
ideal  voltage 
amplifier  291 
input  impedance  (Zin)  287 
output  impedance 
(Zorn)  289 

power  gain  (Ap)  285 
tuned  amplifier  301 
voltage  gain  (Av)  285 


PRACTICE  PROBLEMS  - 

Section  8.1 

1.  Complete  the  table  below 

^in  ^out 

1.2  mV  300  mV 

200  p,V  18  mV 

24  mV  2.2  V 

800  p.V  140  mV 

2.  Complete  the  table  below 

T’in  Aiut 

38  mV  600  mV 

6  mV  9.2  V 

500  |xV  88  mV 

48  mV  48  mV 

3.  For  each  combination  of  vin  and  Av,  calculate  the  value  of  vout. 

Vin  Av  Vout 

240  p,V  540  _ 

1.4  mV  300  _ 

24  mV  440  _ 

800  |xV  720  - 

4.  Calculate  the  value  of  vout  for  each  of  the  amplifiers  shown  in  Figure  8.26. 

5.  An  amplifier  has  values  of  vs  =  600  |xV,  Zin  =1.2  kll,  and  Rs  —  180  Cl.  Calculate 
the  value  of  vin  for  the  circuit. 

6.  An  amplifier  has  values  of  v5  =  18  mV,  Zin  =  720  Cl,  and  Rs  —  60  12.  Calculate  the 
value  of  vin  for  the  circuit. 

7.  An  amplifier  has  values  of  vout  =  8.8  V,  Zout  =  120  12,  and  RL  =  3  k!2.  Calculate 
the  value  of  vL  for  the  circuit. 

8.  An  amplifier  has  values  of  vout  =  12  V,  Zout  =  80  12,  and  RL  -  5.2  k!2.  Calculate  the 
value  of  vL  for  the  circuit. 

9.  Calculate  the  effective  voltage  gain  of  the  amplifier  in  Figure  8.27a. 

10.  Calculate  the  effective  voltage  gain  of  the  amplifier  in  Figure  8.27b. 

11.  Calculate  the  effective  voltage  gain  of  the  amplifier  in  Figure  8.28a. 

12.  Calculate  the  effective  voltage  gain  of  the  amplifier  in  Figure  8.28b. 

Section  8.3 

13.  An  amplifier  draws  8.8  W  from  its  dc  power  supply  and  delivers  1.2  W  of  power  to 
its  load.  Calculate  the  efficiency  of  the  circuit. 
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14.  An  amplifier  draws  2  W  from  its  dc  power  supply  and  delivers  300  mW  of  power  to 
its  load.  Calculate  the  efficiency  of  the  circuit. 

15.  An  amplifier  has  values  of  Pdc  =  1 .4  W  and  PL  =  200  mW.  What  is  the  efficiency  of 
the  circuit? 

16.  An  amplifier  has  values  of  Pdc  =  3  W  and  P,  =  115  mW.  What  is  the  efficiency  of 
the  circuit? 


Section  8.4 


17.  Complete 

the  table  below. 

Pin 

Pout 

10  mW 

5  W 

100  mW 

1  W 

1.25  mW 

4  W 

12  W 

6  W 

18.  Complete 

the  table  below. 

Pin 

p 

1  out 

500  pW 

1  w 

22  W 

1 .4  W 

33  mW 

2.64  W 

120  mW 

2.2  W 

^p(dB) 


VdB) 


19.  An  amplifier  has  a  power  gain  of  48  dB.  What  is  the  value  of  Ap  for  the  circuit? 

20.  An  amplifier  has  a  power  gain  of  — 18  dB.  What  is  the  value  of  Ap  for  the  circuit? 

21.  An  amplifier  has  values  of  A,,(dB)  =  12  dB  and  Pm  =  30  mW.  Calculate  the  output 
power  for  the  circuit. 

22.  An  amplifier  has  values  of  Ap(dB)  =  3  dB  and  Pm  =  400  mW.  Calculate  the  output 
power  for  the  circuit. 

23.  A  circuit  has  values  of  Ap(dB)  =  -12  dB  and  Pin  =  800  mW.  Calculate  the  output 
power  for  the  circuit. 

24.  A  circuit  has  values  of  Ap(m  =  -6  dB  and  Pin  =  1.2  mW.  Calculate  the  output 
power  for  the  circuit. 

25.  A  circuit  has  values  of  Ap(dB)  —  5  dB  and  Pout  =  2.2  W.  Calculate  the  value  of  P in  for 
the  circuit. 

26.  A  circuit  has  values  of  A^b)  =  — 12  dB  and  PoM  =  600  p,W.  Calculate  the  value  of 
Pm  for  the  circuit. 

27.  The  output  of  a  circuit  is  rated  at  40  dBm.  Calculate  the  circuit  output  power. 

28.  The  output  of  a  circuit  is  rated  at  22  dBm.  Calculate  the  circuit  output  power. 

29.  The  output  of  a  circuit  is  rated  at  - 1 .2  dBm.  Calculate  the  circuit  output  power. 

30.  The  output  of  a  circuit  is  rated  at  60  dBm.  Calculate  the  circuit  output  power. 

31.  Complete  the  table  below. 

Vout  ^in  ^v(dB) 

3.6  V  120  mV  _ 

800  mV  50  ( jlV  _ 

14  V  200  mV  _ 

300  mV  150  mV  _ 

32.  An  amplifier  has  a  voltage  gain  of  22  dB.  Calculate  the  ratio  of  output  voltage  to 
input  voltage  for  the  circuit. 

33.  An  amplifier  has  a  voltage  gain  of  12  dB.  Calculate  the  ratio  of  output  voltage  to 
input  voltage  for  the  circuit. 

34.  A  circuit  has  a  voltage  gain  of  —  3  dB.  Calculate  the  ratio  of  output  voltage  to  input 
voltage  for  the  circuit. 
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35.  A  circuit  has  a  voltage  gain  of  - 14  dB.  Calculate  the  ratio  of  output  voltage  to  input 
voltage  for  the  circuit. 


-  PUSHING  THE  ENVELOPE 

36.  Refer  to  the  circuit  in  Figure  8.29.  Calculate  the  effective  dB  voltage  gain  of  the 
circuit  and  the  output  power  in  dBm. 


FIGURE  8.29 


37.  Calculate  the  effective  dB  power  gain  of  the  circuit  in  Figure  8.30. 


F>l 

550  ft 


FIGURE  8.30 


8.1 

240 

8.2 

86.4  mV 

8.3 

731.7  |ulV 

8.4 

vout  =  351  mV  when  vin  = 

=  731.7  p,V 

V0ut  =  384  mV  when  vin  = 

=  800  |iV 

8.5 

413.8  mV 

8.6 

13.6% 

8.7 

41.55  dB 

8.8 

100 

8.9 

132.45  p,W 

8.10 

126.6  mW 

8.12 

1.58  W 

8.13 

49.9  dB 

8.14 

3.98 

8.15 

0.25 

ANSWERS  TO  THE 
EXAMPLE  PRACTICE 
PROBLEMS 
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chapter 


Common-Emitter 

Amplifiers 


Objectives 

After  studying  the  material  in  this  chapter,  you  should  be  able  to: 

1.  Describe  gain,  and  list  the  types  of  gain  associated  with  each  of  the  three  transistor 
configurations! 

2.  Describe  the  input/output  voltage  and  current  phase  relationships  of  the  three  transistor 
amplifier  configurations. 

3.  Calculate  the  ac  emitter  resistance  of  a  transistor. 

4.  List  and  discuss  the  two  primary  roles  that  capacitors  serve  in  amplifiers. 

5.  Derive  the  ac  equivalent  circuit  for  a  given  amplifier. 

6.  Explain  why  the  voltage  gain  of  a  common-emitter  amplifier  may  be  unstable. 

7.  Calculate  the  output  power  for  a  common-emitter  amplifier  given  the  amplifier  values  of 
Av,  Ah  and  Pin. 

8.  Discuss  the  relationship  between  the  load  resistance  and  voltage  gain  of  a  common- 
emitter  amplifier. 

9.  Calculate  the  values  of  Zin(base)  and  Zin  for  a  common-emitter  amplifier. 

10.  Discuss  the  effects  of  swamping  on  the  ac  characteristics  of  a  common-emitter  amplifier. 

11.  List  and  describe  the  four  ac  /i-parameters. 

12.  Troubleshoot  a  multistage  common-emitter  amplifier  to  determine  which  amplifier  stage 
is  faulty. 

Outline 

9.1  AC  Concepts 

9 . 2  The  Roles  of  Capacitors  in  Amplifiers 

9.3  The  Common-Emitter  AC  Equivalent  Circuit 


317 


9.4  Amplifier  Gain 

9.5  Gain  and  Impedance  Calculations 

9.6  S  wamped  Amplifiers 

9.7  A -Parameters 

9.8  Amplifier  Troubleshooting 
Chapter  Summary 


M  o  d e_r n  _( ? )_  T ra  n  s_i  s t_o_r  _M_a  n  u fa  c tur i_n_g 


Here  is  a  bit  of  history  that  you  might  enjoy.  It  has  to  do 
with  the  first  automated  transistor  manufacturing 
machine,  Mr.  Meticulous.  (Yes . . .  that  was  its  real  name.) 

The  development  of  Mr.  Meticulous  is  accredited  to  R.  L. 
Wallace,  Jr.  Shortly  after  the  debut  run  of  this  machine,  the 
Bell  Laboratories  Record  (March  1955)  had  this  to  say  about 
Mr.  Meticulous: 

When  fashioned  by  human  hands  over  any  extended 
period  of  time,  some  transistors  are  produced  which  are 
substandard  and  useless  for  research  purposes.  But  the 
new  machine,  familiarly  known  as  "Mr.  Meticulous,"  never 
gets  tired,  never  loses  his  precision  or  accuracy.  His 
hand  never  shakes  and  his  highly  organized  electronic 
"brain"  rarely  has  mental  lapses.  The  machine,  originated 
by  R.  L.  Wallace,  Jr.,  may  someday  be  a  pilot  model  for 
industrial  machines  to  be  used  in  assembly-line  transis¬ 
tor  manufacture. 


(Reprinted  with  the  permission  of  Lucent  Technologies, 
Inc./Bell  Labs.) 

In  Chapter  8,  you  were  introduced  to  the  basic  principles  of  amplifier  ac  operation.  At  this 
point,  we  will  focus  on  the  operation  of  common-emitter  amplifiers.  Then,,  in  Chapter  10, 
we  will  look  at  both  common-collector  and  common-base  amplifiers. 


9.1  AC  Concepts 


You  have  already  been  introduced  to  many  amplifier  properties,  including  gain,  amplifier 
input  impedance,  and  amplifier  output  impedance.  In  this  section,  we  will  look  more  closely 
at  some  ac  concepts  and  how  they  relate  specifically  to  the  common-emitter  amplifier. 

9.1.1  Amplifier  Gain 

OBJECTIVE  1  ►  As  you  know,  there  are  three  types  of  gain:  current  gain  (A,),  voltage  gain  (Av),  and 
power  gain  (Ap).  Under  normal  circumstances,  the  common-emitter  amplifier  exhibits  all 
three  types  of  gain.  In  contrast,  the  common-collector  amplifier  provides  only  current  and 
power  gain,  and  the  common-base  amplifier  provides  only  voltage  and  power  gain.  The 
choice  of  amplifier  configuration  often  depends  on  the  type(s)  of  gain  desired.  Since  the 
common-emitter  amplifier  can  be  used  to  provide  any  type  of  gain,  it  is  the  most  often 
used  of  the  BJT  amplifiers. 

9.1.2  Input/Output  Phase  Relationships 

OBJECTIVE  2  ►  In  every  BJT  amplifier,  the  input  and  output  currents  are  in  phase.  When  the  input  cur¬ 
rent  increases,  the  output  current  increases.  When  the  input  current  decreases,  the  output 
current  decreases. 
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The  common-emitter  amplifier  is  unique  because  the  input  and  output  voltages  are 
180°  out  of  phase,  even  though  the  input  and  output  currents  are  in  phase.  The  cause  of 
this  input/output  phase  relationship  is  illustrated  in  Figure  9.1.  The  amplifier  shown  has  a 
current  gain  (A,)  of  100.  This  means  that  the  ac  output  current  is  100  times  the  ac  input 
current.  The  input  current  varies  by  5  |xA  both  above  and  below  a  10  p,A  dc  level.  Multi¬ 
plying  the  input  current  values  by  the  A,  of  the  amplifier  gives  us  the  output  values 
shown.  When  the  input  current  is  at  10  p.A,  the  output  current  is  at  (10  |xA)(100)  = 
1  mA.  When  the  input  current  is  at  15  p.A,  the  output  current  is  at  (15  p.A)(100)  =  1.5  mA, 
and  so  on.  Note  that  the  input  and  output  current  waveforms  are  in  phase. 


The  common-emitter  amplifier 
is  the  only  BJT  amplifier  with  a 
180.°voitage  pfaaseshift  from 


Lab  Reference:  The  phase 
relationship  between  CE  input  and 
output  signals  is  demonstrated  in 
Exercise  11. 


To  understand  the  voltage  relationship,  two  points  need  to  be  considered: 

1.  The  output  of  the  circuit  is  taken  from  the  collector  and  is  measured  with  respect  to 
ground.  Therefore, 


(9.1) 


2.  The  collector  voltage  is  equal  to  the  supply  voltage  minus  the  drop  across  the  col¬ 
lector  resistor.  This  relationship  has  been  expressed  already  as 


Vc  —  VCc  ~  IcRc 


If  you  calculate  the  value  of  Vc  for  each  of  the  values  of  Ic  indicated,  you  will  see  that 
Vc  decreases  as  Ic  increases,  and  vice  versa.  When  Ic  increases  from  1  to  1.5  mA,  Vc 
decreases  from  6  to  4  V.  As  Ic  decreases  from  1.5  mA  to  500  pA,  Vc  increases  from  4  to 
8  V.  The  phase  relationship  is  due  strictly  to  the  fact  that  Ic  and  Vc  vary  inversely. 

Now  that  you  have  seen  the  relationship  between  Ic  and  Vc,  the  input/output  voltage 
phase  relationship  can  be  explained  as  follows: 

1.  Input  voltage  and  current  are  in  phase. 

2.  Input  current  and  output  current  are  in  phase.  Therefore,  input  voltage  and  output 
current  are  in  phase. 
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3.  Output  current  is  180°  out  of  phase  with  output  voltage  (Vc).  Therefore,  input  volt¬ 
age  and  output  voltage  are  180°  out  of  phase. 

Remember  that  the  common-emitter  amplifier  is  the  only  configuration  that  has  this 
input/output  voltage  phase  relationship.  For  both  the  common-base  and  common-collector 
amplifiers,  the  input  and  output  voltages  are  in  phase.  For  all  three  configurations,  input 
and  output  currents  are  in  phase. 


9.1.3  AC  Emitter  Resistance 


0BJECTIVE3  ► 


ac  emitter  resistance  (rj) 

The  dynamic  resistance  of  the 
transistor  base-emitter  junction, 
used  in  voltage  gain  and  input 
impedance  calculations. 


You  may  recall  that  the  zener  diode  has  a  dynamic  resistance  value  that  is  considered  only 
in  ac  calculations.  The  same  holds  true  for  the  emitter-base  junction  of  a  transistor.  This 
junction  has  a  dynamic  resistance,  called  ac  emitter  resistance,  that  is  used  in  some  gain 
and  impedance  calculations.  For  a  small-signal  amplifier,  the  value  of  the  ac  emitter  resis¬ 
tance  can  be  approximated  using 


(9.2) 


where  r'e  =  the  ac  emitter  resistance 

IF  =  the  dc  emitter  current,  found  as  VE/RE 

The  derivation  of  equation  (9.2)  is  provided  in  Appendix  D.  Example  9.1  shows  how  the 
equation  is  used  to  determine  the  ac  emitter  resistance  of  a  transistor. 

EXAMPLE  9.1 _ 

Determine  the  ac  emitter  resistance  for  the  transistor  in  Figure  9.2. 


+10  V 


FIGURE  9.2 


Solution:  First,  the  value  of  VB  is  found  as 


R2  „  2.2  kO  j'  „ , 

v‘  =  VccI~tw,_  "  00 v> il2kh  ‘  18 v 


VE  is  found  as 


VE  =  VB  -  0.7  V  =  1.1  V 


and  IE  is  found  as 


7  V*  UV  11  A 

h  =  R,=  ndi",',raA 
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Finally,  the  ac  emitter  resistance  is  found  as 


rc  = 


25  mV  25  mV 


1.1  mA 


=  22.7  ft 


Practice  Problem  9.1 

A  voltage-divider  biased  amplifier  has  values  of  Rt  =  40  kft,  R2  =  10  kft,  Rc  = 
6  kft,  Re  =  2  kft,  Vcc  =  + 10  V,  and  hFE  =  80.  Determine  the  ac  emitter  resistance 
of  the  transistor. 


Since  r'e  is  a  resistance,  its  value  can  also  be  calculated  using  Ohm’s  law  and  some 
measured  circuit  values.  Figure  9.3  shows  a  plot  of  base-emitter  voltage  ( VBE )  versus 
emitter  current  ( IE ).  When  biased  at  the  point  labeled  Qu  the  change  in  VBE  results  in  the 
corresponding  change  in  IE  (labeled  AVBE  and  A IE,  respectively).  Using  the  values  of 
AVBE  and  A 1E,  the  ac  emitter  resistance  can  be  found  as 


,  AVW 
r<!  A  4 


(9.3) 


Note  that  a  lower  AVBE  produces  the  same  A IE  when  the  transistor  is  biased  at  the  point 
labeled  Q2.  Thus,  the  biasing  point  of  the  amplifier  affects  the  value  of  r'e. 


FIGURE  9.3 


9.1.4  AC  Beta 


The  ac  current  gain  of  a  transistor  is  different  from  its  dc  current  gain.  This  is  because  dc  current 
gain  is  measured  with  IB  and  Ic  being  constant,  while  ac  current  gain  is  measured  with  changing 
current  values.  Figure  9.4  helps  to  illustrate  this  point.  Figure  9.4a  shows  the  method  by  which 
dc  beta  is  determined.  A  set  value  of  Ic  is  divided  by  a  set  value  of  IB.  Since  the  curve  of  IB  ver¬ 
sus  Ic  is  not  Unear,  the  value  of  dc  beta  changes  as  Ic  varies  over  the  length  of  the  curve. 

Figure  9.4b  shows  the  measurement  of  ac  beta.  IB  is  varied  to  cause  a  variation  in  Ic 
around  the  Q-point.  The  change  in  Ic  is  then  divided  by  the  change  in  IB  to  obtain  the 
value  of  ac  beta.  By  formula, 


or 


6  =-C 
Pac  A IB 


k 

ib 


(9.4) 


(9.5) 


ac  beta  (Pac  or  hfe) 

The  ratio  of  ac  collector  current 
to  ac  base  current. 


Section  9.1  AC  Concepts 


321 


(a) 

FIGURE  9.4  The  determination  of  ac  beta. 


h 


A lc 

Alg 

Jc 

4 


The  measurement  of  (Bac  is  illustrated  in  Figure  9.4b.  Since  the  input  and  output  currents 
for  a  transistor  change  at  constant  rates,  you  divide  the  change  in  output  current  by  the 
change  in  input  current  to  obtain  the  value  of  ac  beta,  as  indicated  in  equation  (9.5). 

Transistor  specification  sheets  list  dc  beta  as  hFE.  To  distinguish  the  ac  value  of  current 
gain,  ac  beta  is  listed  as  hfe.  As  is  usually  the  case,  the  lowercase  subscript  is  used  to  tell 
you  that  the  current  gain  is  an  ac  value,  not  a  dc  value. 

For  a  common-emitter  amplifier,  the  value  of  hfe  is  the  current  gain  (A,)  for  the  transis¬ 
tor.  By  formula, 


(9.6) 


It  should  be  noted  that  equation  (9.6)  defines  the  current  gain  of  the  transistor ,  not  the 
amplifier.  The  calculation  of  A,  for  a  common-emitter  amplifier  is  more  involved,  as  will 
be  shown  later  in  this  chapter. 

The  concepts  and  equations  introduced  in  this  section  will  be  used  constantly  through¬ 
out  our  discussions  on  transistor  ac  operation.  As  you  use  them  more  and  more,  you  will 
become  more  comfortable  with  them. 


Section  Review  ► 


1.  What  are  the  three  types  of  gain? 

2.  What  types  of  gain  are  associated  with  each  amplifier  configuration? 

3.  Which  amplifier  type  has  an  input/output  voltage  phase  shift  of  180°? 

4.  What  is  the  phase  relationship  between  the  input  and  output  voltage  and  current  of 
each  transistor  amplifier  configuration? 

5.  List,  in  order,  the  steps  you  need  to  take  to  determine  the  ac  emitter  resistance  of  a 
transistor. 

6.  What  is  the  difference  between  hFE  and  hfel 

7.  Describe  how  hFE  and  hfe  are  measured. 


9.2  The  Roles  of  Capacitors  in  Amplifiers 


OBJECTIVE  4  ►  Capacitors  play  two  primary  roles  in  common-emitter  amplifiers: 


Lab  Reference:  The  effects  of 
bypass  capacitors  on  amplifier 
operation  are  demonstrated  in 
Exercise  1 1 . 


1.  Coupling  capacitors  pass  an  ac  signal  from  one  amplifier  to  another,  while  provid¬ 
ing  dc  isolation  between  the  two. 

2.  Bypass  capacitors  are  used  to  “short  circuit”  ac  signals  to  ground  while  not  affect¬ 
ing  the  dc  operation  of  the  circuit. 


In  this  section,  we  will  look  at  both  of  these  capacitor  applications. 
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9.2.1  Coupling  Capacitors 

In  most  practical  applications,  you  will  not  see  a  single  transistor  amplifier.  Rather,  you 
will  see  a  series  of  cascaded  amplifiers.  The  term  cascaded  means  connected  in  series. 

When  amplifiers  are  cascaded,  the  original  signal  is  increased  by  the  gain  of  each 
individual  amplifier.  As  a  result,  the  original  signal  is  provided  with  more  gain  than 
could  be  provided  by  any  single  transistor  amplifier.  Each  amplifier  in  the  series  string  is 
referred  to  as  a  stage.  The  overall  series  of  amplifier  stages  is  referred  to  as  a  multistage 
amplifier.  Multistage  amplifiers  are  covered  in  detail  later  in  this  chapter.  What  we  are 
interested  in  at  this  point  is  the  fact  that  capacitors  are  commonly  used  to  connect  one 
amplifier  stage  to  another.  A  capacitor  used  in  this  application  is  called  a  coupling 
capacitor. 

Coupling  capacitors  are  easy  to  spot  in  a  schematic  diagram.  They  are  always  placed 
in  series  between  the  stages  of  an  amplifier.  For  example,  in  Figure  9.5,  series  capacitors 
are  located  between  the  signal  source  and  <2i,  between  <2!  and  Q2,  and  between  Q2  and 
the  load.  When  you  see  a  capacitor  positioned  like  one  of  these,  it  is  a  coupling  capacitor. 
Coupling  capacitors: 

1.  Pass  the  ac  signal  from  one  stage  to  the  next  with  little  or  no  distortion. 

2.  Provide  dc  isolation  between  the  two  stages. 

These  two  functions  are  performed  easily  by  the  capacitor,  which  provides  little  oppo¬ 
sition  to  an  ac  signal  while  completely  blocking  dc  voltages  and  currents.  This  isolation 
between  stages  simply  means  that  the  dc  collector  voltage  of  one  stage  does  not  affect  the 
biasing  voltage  at  the  base  of  the  next  stage,  and  vice  versa.  You  may  recall  from  your 
study  of  basic  electronics  that  the  reactance  of  a  capacitor  is  found  as 


(9.7) 


where  Xc  =  the  opposition  to  current  provided  by  the  capacitor 
/  =  the  frequency  of  the  signal  applied  to  the  capacitor 
C  =  the  capacitance,  in  farads 


vcc 


FIGURE  9.5  Coupling  capacitors  in  a  multistage  amplifier. 


This  equation  shows  that  the  opposition  of  a  capacitor  to  current  is  inversely  proportional 
to  the  frequency  of  the  applied  signal.  As  frequency  increases,  the  capacitor  acts  more  and 
more  like  a  short  circuit.  As  frequency  decreases,  the  capacitor  acts  more  and  more  like 
an  open  circuit.  For  dc,  which  has  a  frequency  of  0  Hz,  the  reactance  of  the  capacitor  is 
effectively  infinite.  As  a  result,  the  component  blocks  dc. 

The  effects  of  the  coupling  capacitor  on  cascaded  amplifiers  are  illustrated  in  Figure 
9.6.  Figure  9.6a  is  an  ac  equivalent  circuit  for  the  circuit  shown  in  Figure  9.5.  Note  that 
the  capacitors  have  been  replaced  by  wire  connections.  This  represents  the  low  opposition 


Cascaded 

A  term  meaning  connected  in 
series. 

Stage 

A  single  amplifier  in  a  cascaded 
group  of  amplifiers. 

Multistage  amplifier 

An  amplifier  with  a  series  of 
stages. 

Coupling  capacitor 

A  capacitor  connected  between  | 
amplifier  stages  to  provide  dc  ] 
isolation  between  the  stages  t 
while  allowing  the  ac  signal  to 
pass  without  distortion. 


i  ac  equivalent  circuit 

i  A  representation  of  a  circuit 
1  that  shows  how  the  circuit 
appears  to  an  ac  source. 
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(b)  dc  isolation 

FIGURE  9.6  The  characteristics  of  coupling  capacitors. 


that  the  coupling  capacitors  present  to  the  ac  signal.  Figure  9.6b  is  the  dc  equivalent  of 
Figure  9.5.  In  this  circuit,  the  capacitors  have  been  replaced  by  breaks  in  the  connections 
between  the  stages.  These  breaks  represent  the  near-infinite  opposition  the  capacitors  pre¬ 
sent  to  the  dc  voltage  and  current  levels  of  the  stages. 

The  need  for  dc  isolation  (blocking)  between  amplifier  stages  is  illustrated  in  Figure 
9.7.  The  capacitor  in  Figure  9.7a  provides  dc  isolation  between  the  circuits.  In  this  circuit, 
the  value  of  VB  for  the  second  stage  is  found  as 


Vcc — — —  =  (10  V)  21  =  1.8  V 

cc  R3  +  R4  K  ’  12.2  kfl 


The  discussion  here  ignores  the 
effects  of  ICQ  for  the  first  stage 
and  the  input  resistance  of  Q2 
|o|5^p  t|ings  as.  simple  as  ^ 
HfW'ubU'  _ tigd 


This  is  the  biasing  potential  for  Q2.  If  the  two  stages  of  the  amplifier  were  directly  con¬ 
nected,  as  shown  in  Figure  9.7b,  RC]  would  be  connected  in  parallel  with  /?3.  To  see  what 
this  does  to  VB  for  the  second  stage,  we  start  by  determining  the  combined  resistance  of 
Rcl  and  R3.  This  resistance  is  found  as 


Req  =  Rci  II  Ry  =  (3.6  kO)  ||  (10  kfl)  =  2.65  kO 


Now,  VB  for  the  second  stage  is  found  as 


VB  =  Vcc - — - =  (10  V)  2'?  ^  =  4.54  V 

ct  R,.:q  +  R4  4.85  k O 
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(a) 

FIGURE  9.7  Capacitive  vs.  direct  coupling. 


+10  v 


(b) 


As  you  can  see,  VB  of  stage  2  is  significantly  higher  than  it  would  be  if  the  circuit  was  a 
“stand-alone”  amplifier.  By  providing  dc  isolation  between  the  amplifier  stages,  the  bias¬ 
ing  of  each  amplifier  stage  is  independent  of  the  other  stages. 

The  use  of  the  coupling  capacitor  allows  each  transistor  amplifier  stage  to  maintain  its 
independent  biasing  characteristics  while  allowing  the  ac  output  from  one  stage  to  pass 
on  to  the  next  stage.  The  exact  value  of  the  coupling  capacitor  is  not  critical,  provided 
that  its  reactance  is  extremely  low  at  the  lowest  operating  frequency  of  the  circuit. 


9.2.2  Bypass  Capacitors 

Bypass  capacitors  function  in  the  same  manner  as  coupling  capacitors,  but  they  are  used 
for  a  different  reason.  Bypass  capacitors  are  connected  across  the  emitter  resistor  of  an 
amplifier  to  keep  the  resistor  from  affecting  the  ac  operation  of  the  circuit.  A  bypass 
capacitor  is  shown  in  the  circuit  in  Figure  9.8.  Note  that  the  capacitor  effectively  bypasses 
the  emitter  resistor,  thus  the  name. 

Figure  9.9  shows  how  the  bypass  capacitor  affects  the  ac  and  dc  operation  of  the 
amplifier.  Figure  9.9a  shows  the  ac  equivalent  of  the  bypass  capacitor.  Note  that  the 
capacitor  has  been  replaced  by  a  wire,  just  as  it  is  in  the  coupling  application.  In  this  case, 
the  capacitor  establishes  an  ac  ground  at  the  emitter  of  the  transistor.  For  ac  purposes,  RE 
is  effectively  shorted. 


Bypass  capacitor 

A  capacitor  used  to  establish  an 
ac  ground  at  a  specific  point  in 
a  circuit. 


vcc 


(a)  The  bypass  capacitor 
as  an  ac  short 


(b)  The  bypass  capacitor 
as  a  dc  open 


FIGURE  9.9  The  characteristics  of  bypass  capacitors. 
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What  does  this  have  to  do  with  anything?  As  you  will  be  shown  later  in  this  chapter, 
the  voltage  gain  of  a  common-emitter  amplifier  depends  on  the  total  ac  emitter  resistance. 
The  lower  this  ac  resistance,  the  higher  the  voltage  gain  of  the  amplifier.  By  shorting  out 
Re ,  the  bypass  capacitor  ensures  that  RE  does  not  weigh  into  the  voltage  gain  calculations 
for  the  amplifier.  This  increases  the  voltage  gain  of  the  circuit.  We  will  examine  this  point 
more  thoroughly  later  in  this  chapter. 

Figure  9.9b  shows  the  dc  equivalent  of  the  bypass  capacitor.  As  before,  the  capacitor  has 
been  replaced  with  an  open  wire.  This  represents  the  near-infinite  opposition  that  the  capac¬ 
itor  presents  to  any  dc  voltage  or  current.  Since  the  capacitor  acts  as  an  open  to  dc  voltages 
and  currents,  it  has  no  effect  on  the  value  of  IE  and,  therefore,  no  effect  on  the  value  of  r'„ 
Like  a  coupling  capacitor,  a  bypass  capacitor  must  act  effectively  as  a  short  at  the  low¬ 
est  operating  frequency.  The  lower  the  value  of  Xc  (at  the  lowest  frequency),  the  lower  the 
ac  resistance  of  the  emitter  circuit  and  the  higher  the  circuit  voltage  gain. 


Capacitive  coupling  is  not  the 
only  type  of  coupling  used  in 
amplifier  circuits.  Another 
type,  called  transformer 
coupling,  is  introduced  in 


9.2.3  Amplifier  Signals 

The  effects  that  coupling  and  bypass  capacitors  have  on  amplifier  voltages  are  illustrated 
in  Figure  9.10.  The  signal  at  the  collector  of  Qt  is  shown  to  be  a  sine  wave  riding  on 
5.6  Vdc,  the  quiescent  value  of  Vc  for  the  first  stage.  The  sine  wave  is  applied  to  the  cou¬ 
pling  capacitor,  Ca.  On  the  other  side  of  the  capacitor,  you  see  the  same  sine  wave.  The 
only  difference  is  that  the  sine  wave  is  now  riding  on  the  dc  value  of  VB  for  the  second 
stage,  1.8  V.  Thus,  the  ac  signal  has  been  passed  from  the  first  stage  to  the  next,  while  the 
dc  reference  of  the  signal  has  been  changed  from  Vc  of  the  first  stage  to  VB  of  the  second. 


Note;  The  waveforms  illustrate  only 

the  shapes  and  phase  relationships. 

The  magnitude  of  each  waveform  - 
Increases  greatly  from  the  input  of  j 
an  amplifier  stage  to  its  output 


FIGURE  9.10  Typical  common-emitter  amplifier  signals. 


Based  on  what  we  have  seen,  we  can  sum  up  the  effects  of  the  coupling  capacitor  as 
follows: 

1.  The  ac  signal  on  the  input  side  of  the  capacitor  equals  the  ac  signal  on  the  output 
side  at  the  designed  operating  frequency. 
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2.  The  dc  voltage  on  the  input  side  of  the  capacitor  is  determined  by  the  source  stage. 

3.  The  dc  voltage  on  the  output  side  of  the  capacitor  is  determined  by  the  load  stage. 

The  emitters  of  both  amplifiers  show  no  change  in  VE.  This  is  caused  by  the  bypass  The  effects  of  bypass 

capacitors,  which  short  the  ac  component  of  the  emitter  signal  to  ground.  Thus,  the  signal  capacitors  on  ac  operation, 

present  at  each  emitter  is  the  pure  dc  value  of  VE.  Since  V£  remains  constant,  lE  and  r'e 
remain  constant.  This  is  important,  since  r’e  weighs  into  all  voltage  gain  calculations. 


1.  What  two  purposes  are  served  by  capacitors  in  multistage  amplifiers?  M  Section  Review 

2.  What  is  meant  by  the  term  coupling ? 

3.  Why  is  dc  isolation  between  amplifier  stages  important? 

4.  What  effect  does  a  bypass  capacitor  have  on  the  ac  operation  of  an  amplifier? 

5.  What  effect  does  a  coupling  capacitor  have  on  the  ac  signal  that  is  coupled  from  one 
amplifier  stage  to  the  next? 

6.  Why  don’t  you  see  an  ac  signal  at  the  emitter  terminal  of  an  amplifier  with  a  bypass 
capacitor? 


9.3  The  Common-Emitter  AC  Equivalent  Circuit 


At  this  point,  we  need  to  derive  the  ac  equivalent  circuit  for  the  common-emitter  ampli-  ◄  OBJECTIVE  5 
fier.  This  circuit,  which  is  used  in  many  ac  calculations,  is  easily  derived  using  this  two- 
step  process: 

1.  Short  circuit  all  capacitors. 

2.  Replace  all  dc  sources  with  a  ground  symbol. 


How  is  an  ac  equivalent  circuit 
derived?  _ 


The  basis  for  the  first  step  is  easy  to  understand.  Since  the  capacitors  act  as  short  cir¬ 
cuits  to  the  ac  signals,  they  are  replaced  with  wires,  as  they  were  in  Figures  9.6a  and  9.9a. 

The  second  step  is  based  on  the  fact  that  dc  sources  have  extremely  low  internal  resis¬ 
tance  values.  This  point  is  illustrated  in  Figure  9. 1 1 .  In  the  circuit  shown,  Vcc  is  represented 
as  a  simple  dc  battery.  You  may  recall  from  your  study  of  basic  electronics  that  the  inter¬ 
nal  resistance  of  a  dc  voltage  source  is  ideally  0  II.  Thus,  we  can  replace  the  dc  source 
with  a  simple  wire,  as  shown  in  Figure  9.11b.  Note  that  this  wire  is  replaced  by  the 
ground  (reference)  symbol  in  Figure  9.11c. 


FIGURE  9.11  Deriving  the  common-emitter  ac-equivalent  circuit. 


The  process  for  finding  the  ac  equivalent  of  a  common-emitter  amplifier  is  demon¬ 
strated  in  Example  9.2. 
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EXAMPLE  9.2 


Derive  the  ac  equivalent  circuit  for  the  amplifier  shown  in  Figure  9.12a. 


(a)  The  original  circuit  (b)  The  circuit  with  the  capacitors  shorted  and  the 

supply  voltage  replaced  with  a  ground  connection 


FIGURE  9.12 


(d)  The  equivalent  circuit  with  parallel 
components  combined 


Solution:  The  first  step  is  to  short  circuit  the  capacitors  (Cc  and  CB)  and  replace 
'/cc  with  a  ground  symbol.  This  gives  us  the  circuit  shown  in  Figure  9.12b.  As  you 
can  see,  shorting  the  bypass  capacitor  leaves  us  with  a  straight  wire  across  RE. 
Thus,  for  the  ac  equivalent  circuit,  RE  is  shorted  and  is  replaced  by  a  wire.  Figure 
9.12c  shows  the  equivalent  circuit  without  RE.  Note  also  that  R\  and  Rc  have  been 
drawn  as  going  to  ground.  (Be  sure  that  you  can  see  what  is  happening  at  this  point 
before  you  go  on.) 

As  a  final  step,  Rt  and  R2  can  be  combined  into  a  single  equivalent  resistance. 
Since  the  ac  equivalent  circuit  shows  these  two  resistors  as  both  connected  to 
ground,  they  are  in  parallel.  Figure  9.1 2d  shows  the  final  ac  equivalent  circuit  for 
Figure  9.12a. 

Practice  Problem  9.2 

Derive  the  ac  equivalent  circuit  for  the  amplifier  shown  in  Figure  9.2.  Include  the 
component  values  in  the  equivalent  circuit. 


You  need  to  be  absolutely  clear  on  one  point:  The  ac  equivalent  circuit  is  based  on  the 
ac  characteristics  of  the  amplifier  and  is  not  a  part  of  the  dc  analysis  or  troubleshooting 
of  the  amplifier.  The  ac  equivalent  circuit  is  used  for  ac  circuit  analysis  only. 


Section  Review  ►  1.  What  steps  are  taken  to  derive  the  ac  equivalent  circuit  for  a  given  amplifier? 

2.  What  effects  do  the  ac  characteristics  of  an  amplifier  have  on  the  dc  characteristics  of 
the  circuit? 
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9.4 


Amplifier  Gain 


As  you  know,  there  are  three  types  of  gain:  voltage,  current,  and  power  gain.  In  this  sec¬ 
tion,  we  will  take  a  closer  look  at  all  three.  The  main  emphasis  in  this  section  is  on  the 
common-emitter  circuit.  The  gain  characteristics  of  the  common-base  and  common- 
collector  circuits  are  covered  in  detail  in  Chapter  10. 


Remember: 

Gain  is  a  ratio,  a  multiplier  that 


9.4.1  Voltage  Gain 


As  you  have  seen,  the  voltage  gain  (Av)  of  an  amplifier  is  the  factor  by  which  the  ac  sig¬ 
nal  voltage  increases  from  the  input  of  the  amplifier  to  its  output.  The  value  of  Av  for  a 
common-emitter  amplifier  can  be  found  by  dividing  the  ac  output  voltage  by  the  ac  input 
voltage  as  follows: 


(9.8) 


Voltage  gain  (Av) 

The  factor  by  which  ac  signal 
voltage  increases  from  the 
amplifier  input  to  the  amplifier 
output. 


where  Av  =  the  voltage  gain  of  the  amplifier 

vout  =  the  ac  output  voltage  from  the  amplifier 
vin  =  the  ac  input  voltage  to  the  amplifier 

Example  9.3  reviews  the  calculaton  of  amplifier  voltage  gain. 


EXAMPLE  9.3 


An  amplifier  has  values  of  vout  =  12  V  and  vin  =  60  mV.  What  is  the  voltage  gain  of 
the  circuit? 

/ 

Solution:  The  voltage  gain  for  the  circuit  is  found  as  follows: 


.V'^-vv .  ',;<r  ?,  v.y; "*r  * "  :  ;•„•> 

y  ny 


Remember,  voltage  gain  is  a  ratio  and  thus  has  no  units,  so  the  value  of  Av  for  the 
amplifier  described  above  is  simply  200. 

Practice  Problem  9.3 

An  amplifier  has  measured  values  of  vout  =  14.2  V  and  vin  =  120  mV.  Determine 
the  voltage  gain  of  the  circuit. 


A  Practical  Consideration: 

The  value  of  A„  can  be 
determined  using  peak,  peak-to- 
peak,  or  rms  values.  As  long  as 
iV,,  and  Vi,,  are  measured  in  the 


Equation  (9.8)  works  well  enough  when  the  values  of  vout  and  vjn  are  known,  but  there 
is  a  problem.  The  values  of  vout  and  vin  are  not  usually  shown  on  the  schematic  diagram 
for  an  amplifier.  When  this  is  the  case,  you  may  need  to  be  able  to  determine  the  value  of 
Av  without  knowing  the  values  of  vout  and  vin. 

The  value  of  Av  for  a  common-emitter  amplifier  equals  the  ratio  of  total  ac  collector 
resistance  to  total  ac  emitter  resistance.  For  the  circuit  shown  in  Figure  9.12a,  this  ratio  is 
found  as 


(9.9) 


where  rc  =  the  ac  resistance  in  the  collector  circuit 
r’e  =  the  ac  emitter  resistance  of  the  transistor 

As  shown  in  Figure  9.12c,  the  load  and  collector  resistors  are  in  parallel.  Thus,  the  ac 
resistance  in  the  collector  circuit  is  the  parallel  combination  of  RL  and  Rc.  By  formula, 

rc  =  Rc  1|  Rl  (9.10) 
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Examples  9.4  and  9.5  show  you  how  to  determine  the  voltage  gain  of  an  amplifier  by 
analyzing  the  schematic  diagram. 

EXAMPLE  9,4 _ _ _ 

Determine  the  voltage  gain  (Av)  of  the  circuit  shown  in  Figure  9.13. 

+20  V 


FIGURE  9.13 


Solution:  The  value  of  Av  is  found  by  using  the  following  steps: 
Step  1:  VB  is  found  as 


vcc 


— —  =  (20  V)  — —  =  2.35  V 
R{  +  R2  '  170  ka 


Step  2:  VE  is  found  as 

VE  =  VB  ~  0.7  V  =  2.35  V  -  0.7  V  =  1.65  V 


Step  3:  //:  is  found  as 


IP  = 


V*  165  V 
Rf  ~  2.2  kO 


=  750  p,A 


Step  4:  r'  is  found  as 


,  25  mV  25  mV  _ 

r'  =  ___ —  =  __ — _  =  33j  ft 


life 


lE  750  p-A 


Step  5:  rc  is  found  as 

rc  =  Rc  ||  Rl  =  12  kO  ||  50  ka  =  9.7  kil 


Step  6:  Av  is  found  as 


rc  _  9.7  kil 
K  ~  33.3  a 


=  291 


Therefore,  the  output  signal  voltage  from  this  circuit  will  be  291  times  its  input  sig¬ 
nal  voltage. 


Practice  Problem  9.4 

An  amplifier  like  the  one  shown  in  Figure  9.13  has  the  following  values:  Vcc  = 
30  V,  Rs  =  51  ka,  R2  =  5.1  ka,  Rc  =  5.1  ka,  R,.  =  10  ka.  Re  =  910  a,  and  hFE  = 
250.  Determine  the  voltage  gain  of  the  amplifier. 
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EXAMPLE  9.5 _ 

Determine  the  value  of  Av  for  the  circuit  shown  in  Figure  9,14. 

+10  V 


FIGURE  9.14 
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9.4.2 


The  Basis  for  Equation  (9.9) 

To  understand  the  basis  for  equation  (9.9),  take  a  look  at  Figure  9.15.  Figure  9.15a 
shows  a  common-emitter  amplifier.  The  ac  equivalent  of  this  circuit  is  shown  in  Figure 
9.15b.  In  Figure  9.15c,  the  transistor  has  been  replaced  with  its  own  equivalent  circuit. 
The  equivalent  circuit  for  the  transistor  contains  three  components: 

1.  A  resistor  ( r'e ),  which  represents  the  ac  emitter  resistance  of  the  transistor. 

2.  A  diode,  which  represents  the  emitter-base  junction  of  the  transistor. 

3.  A  current  source,  which  represents  the  current  supplied  to  rc  by  the  collector  of  the 
transistor. 


(a)  The  original  circuit  (b)  The  ac  equivalent  circuit 


(c)  The  ac  equivalent  circuit  with  the  transistor  ac  model 
FIGURE  9.15  An  amplifier  and  its  ac  equivalents. 

Note  that  the  input  voltage  (vin)  is  applied  across  the  diode  and  r'e.  Assuming  the  diode 
to  be  ideal,  the  ac  emitter  current  can  be  found  as 


(9.11) 


Thus, 

and  vout  is  found  as 


Tin  tr  A 

Tout  —  k'  rC 


(9.12) 

(9.13) 


Now,  we  can  substitute  equations  (9.12)  and  (9.13)  into  equation  (9.8)  as  follows: 
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Since  ie  and  ic  are  approximately  equal,  they  can  be  dropped  completely,  leaving 


which  is  equation  (9.9). 

9.4.3  Voltage  Gain  Instability 

One  important  consideration  for  the  common-emitter  amplifier  is  the  stability  of  its  volt¬ 
age  gain.  An  amplifier  should  have  gain  values  that  are  stable  so  that  the  output  from  the 
circuit  is  predictable  under  all  normal  circumstances. 

The  voltage  gain  of  a  common-emitter  amplifier  can  be  somewhat  unstable.  As  you 
know,  the  voltage  gain  of  an  amplifier  is  equal  to  the  ratio  of  ac  collector  resistance  to  ac 
emitter  resistance.  Like  beta,  ac  emitter  resistance  (r')  is  somewhat  dependent  on  temper¬ 
ature.  Because  of  this,  the  voltage  gain  of  a  common-emitter  amplifier,  like  the  one 
shown  in  Figure  9.15,  may  vary  with  changes  in  temperature.  To  reduce  the  effects  of 
temperature  on  voltage  gain,  the  gain  stabilized  (or  swamped )  amplifier  is  used. 
Swamped  amplifiers  are  discussed  in  detail  in  Section  9.6. 

9.4.4  Calculating  i/out 

When  you  know  the  voltage  gain  of  an  amplifier,  determining  the  ac  output  voltage  is 
easy.  Simply  use  a  rewritten  form  of  equation  (9.8)  as  follows: 

Vi'ur  ■A(Vin  (9.14) 


EXAMPLE  9.6 _ 

The  circuit  used  in  Example  9.5  has  an  ac  input  signal  of  80  mV.  Determine  the  ac 
output  voltage  from  the  circuit. 

Solution:  Using  the  value  of  Av  from  Example  9.5,  we  obtain 
vout  =  Avvta  =  (45.3)(80  mV)  =  3.62  V 


Practice  Problem  9.6 

The  amplifier  described  in  Practice  Problem  9.5  has  a  value  of  vin  =  20  mV.  Deter¬ 
mine  the  value  of  vout  for  the  amplifier. 


9.4.5  Current  Gain 


Current  gain  (A,)  is  the  factor  by  which  ac  current  increases  from  the  input  of  an  ampli¬ 
fier  to  its  output.  The  value  of  A,  for  a  common-emitter  amplifier  can  be  found  by  divid¬ 
ing  the  ac  output  current  by  the  ac  input  current.  By  formula, 


(9.15) 


where  A,-  =  the  current  gain  of  the  amplifier 
lout  =  the  ac  output  (load)  current 
iin  =  the  ac  input  (source)  current 

As  you  know,  the  current  gain  of  the  transistor  in  a  common-emitter  amplifier  is  given  on 
its  spec  sheet  as  hfe.  However,  the  current  gain  for  the  amplifier  is  always  lower  than  the 
value  of  hfe.  This  is  due  to  two  factors: 

1.  The  input  signal  current  is  divided  between  the  transistor  and  the  biasing  network. 

2.  The  output  signal  current  (at  the  transistor  collector)  is  divided  between  the  collec¬ 
tor  resistor  and  the  load. 


◄  OBJECTIVE  6 


Current  gain  (A,) 

The  factor  by  which  ac  current 
increases  from  the  input  of  an 
amplifier  to  the  output. 


Section  9.4  Amplifier  Gain 
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In  Section  9.5,  you  will  be  shown  how  to  calculate  the  value  of  A,-  for  a  common-emitter 
amplifier.  For  now,  you  need  to  remember  only  that  this  value  of  A,-  is  typically  much 
lower  than  the  value  of  the  transistor  current  gain  (hfe). 


9.4.6  Power  Gain 

OBJECTIVE  7  ►  As  you  know,  the  power  gain  ( Ap )  of  an  amplifier  is  the  factor  by  which  ac  signal  power 
increases  from  the  input  of  an  amplifier  to  its  output.  Power  gain  can  be  found  by  multi¬ 
plying  current  gain  by  voltage  gain.  By  formula, 

Ap  =  AA  (9-16) 

Once  the  power  gain  of  an  amplifier  has  been  determined,  you  can  calculate  the  output 
power  of  an  amplifier  provided  at  the  load  as 

Poul~ApPm  (9.17) 

where  Poul  =  the  amplifier  output  power 

Ap  —  the  power  gain  of  the  amplifier 
Pm  =  the  amplifier  input  power 

Example  9.7  demonstrates  the  procedure  for  calculating  amplifier  output  power. 

EXAMPLE  9.7 _ 

The  amplifier  shown  in  Example  9.5  has  values  of  Av  =  45.3  and  A,  =  20.  Deter¬ 
mine  the  power  gain  (Ap)  of  the  amplifier  and  the  output  power  when  P-m  =  80  |xW. 

Solution:  The  power  gain  of  the  amplifier  is  found  as 

Ap  -  AA  =  (20X45.3)  =  906 
The  output  power  is  therefore  found  as 

Poat  =  ApPin  »  (906)(80  |xW)  -  72.48  raW 


j  Power  gain  (Ap) 
j  The  factor  by  which  ac  signal 
power  increases  from  the  input 
|  of  an  amplifier  to  the  output. 


Practice  Problem  9.7 

The  circuit  described  in  Practice  Problem  9.5  has  the  following  values:  A,  =  20  and 
Pin  -  60  |xW.  Determine  the  output  power  for  the  circuit. 


Section  Review  ► 


1.  How  is  the  voltage  gain  (Av)  of  a  common-emitter  amplifier  defined  in  terms  of  cir¬ 
cuit  resistance  values? 

2.  How  is  the  ac  collector  resistance  of  a  common-emitter  amplifier  determined? 

3.  List,  in  order,  the  steps  usually  required  to  calculate  the  value  of  Av  for  a  common- 
emitter  amplifier. 

4.  Why  does  the  voltage  gain  of  a  common-emitter  amplifier  tend  to  be  unstable? 

5.  What  is  the  relationship  between  the  values  of  A,  and  hfel 

6.  What  is  the  relationship  between  power  gain  (Ap)  and  the  other  amplifier  gains? 


9.5  Gain  and  Impedance  Calculations 


To  complete  the  picture  of  common-emitter  amplifier  operation,  several  gain  and  imped¬ 
ance  topics  need  to  be  addressed.  These  topics  are  discussed  in  this  section. 
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9.5.1  The  Effects  of  Loading 

As  you  know,  the  value  of  the  load  plays  a  role  in  the  calculation  of  Av  for  a  common- 
emitter  amplifier.  The  lower  the  load  resistance,  the  lower  the  amplifier  voltage  gain.  This 
point  is  illustrated  in  Figure  9.16.  The  circuits  in  the  figure  are  identical,  other  than  their 
values  of  load  resistance.  As  you  can  see,  the  value  of  A„  for  the  circuit  in  Figure  9.16b  is 
much  lower  than  that  of  the  circuit  in  Figure  9.16a.  Thus,  the  lower  the  resistance  of  the 
load,  the  lower  the  voltage  gain  of  a  common-emitter  amplifier.  Conversely,  the  greater 
the  resistance  of  the  load,  the  greater  the  voltage  gain  of  a  common-emitter  amplifier. 


(a) 

FIGURE  9.16  The  effect  of  a  change  in  RL  on  the  value  of  Av. 


For  any  amplifier,  the  greatest  value  of  Av  occurs  when  the  load  opens.  With  an  open 
load,  the  ac  collector  circuit  consists  only  of  Rc.  Therefore, 


rc  =  Rc  (open-load)  (9.18) 

Since  Rc  must  always  be  greater  than  (Rc  ||  R,),  the  value  of  Av  for  a  given  amplifier 
reaches  its  maximum  possible  value  when  the  load  opens.  This  point  is  demonstrated  in 
Example  9.8. 

EXAMPLE  9.8 _ 

The  load  in  Figure  9. 16a  opens.  Calculate  the  open-load  voltage  gain  of  the  circuit. 
Solution:  With  the  load  open, 


rc  =  Rc  =  3  kO 
and 


rc  3kfl 

'■'-Z-Hn-'* 


(maximum) 


Practice  Problem  9.8 

Calculate  the  open-load  voltage  gain  of  the  amplifier  shown  in  Example  9.5.  Com¬ 
pare  this  value  to  the  one  calculated  in  that  example. 


When  one  common-emitter  amplifier  is  used  to  drive  another,  the  input  impedance  of 
the  second  amplifier  serves  as  the  load  resistance  of  the  first.  Thus,  to  calculate  the  Av 
of  the  first  amplifier  stage  correctly,  you  must  be  able  to  calculate  the  input  impedance  of 
the  second  stage. 


◄  OBJECTIVES 


Lab  Reference:  The  effects  of  a 
change  in  load  resistance  on 
voltage  gain  are  demonstrated  in 
Exercise  1 1 . 


25  n 


2  kfi 
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9.5.2  Calculating  Amplifier  Input  Impedance 

OBJECTIVE  9  ►  The  input  impedance  of  an  amplifier  is  determined  using  the  ac  equivalent  circuit  for  the 
amplifier.  As  Figure  9.17  shows,  the  input  impedance  of  an  amplifier  is  the  parallel 
impedance  formed  by  Ru  R2,  and  the  base  of  the  transistor.  By  formula, 

Zin  =  Rt  ||  R2  I)  (9.19) 

where  Zin  =  the  input  impedance  to  the  amplifier 
Zin(base)  =  the  input  impedance  to  the  transistor  base 


+10V 


(a) 


FIGURE  9.17  A  common-emitter  amplifier  and  its  ac  equivalent  circuit. 


Figure  9.17  shows  a  typical  common-emitter  amplifier  and  its  ac  equivalent  circuit. 
Note  that  Zin(base)  is  the  input  impedance  to  the  base  of  the  transistor.  The  amplifier  input 
impedance  (Zin)  equals  the  parallel  combination  of  Zin(base)  and  the  biasing  resistors. 

You  may  recall  that  the  dc  input  resistance  of  a  transistor  base  is  found  as 

^IN(base)  =  hFERE 

This  relationship  was  derived  in  Chapter  7.  The  input  impedance  of  the  base  can  be 
derived  in  the  same  manner.  The  only  differences  are  as  follows: 


1.  The  ac  emitter  resistance  is  used  in  the  calculation. 

2.  The  value  of  ac  beta  (hfe)  is  used  in  place  of  dc  beta  (hFE). 


A  Practical  Consideration: 

The  value  of  Zjn(base)  for  a 
transistor  is  given  as  hK  on  the 
This 

taring  is  dis cuss  .*.<  -:er  in  this  , 


Therefore,  Zin(base)  can  be  found  as 

JWo  =  v;  <9-2°) 

Once  the  input  impedance  of  the  transistor  is  found,  it  is  considered  to  be  in  parallel  with 
the  base  biasing  resistors.  This  parallel  circuit  gives  us  the  total  input  impedance  to  the 
amplifier,  as  illustrated  in  Example  9.9. 
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EXAMPLE  9.9 


Determine  the  input  impedance  to  the  amplifier  represented  by  the  equivalent  cir¬ 
cuit  in  Figure  9.17b. 

Solution:  The  value  of  Zin(base,  can  be  found  as 

4(b«,  =  hfer'e  =  (200)(24  (1)  =  4.8  kft 
Zin  for  the  amplifier  is  found  as 

Zln  =  R,  ||  R2 1|  Zlnfb„sel  =  18  kft  ||  4.7  kft  ||  4.8  kft  =  2.1  kft 


Practice  Problem  9.9 

Determine  the  value  of  Zin  for  the  amplifier  described  in  Practice  Problem  9.5. 
Assume  a  value  of  hfe  =  200  for  the  transistor. 


9.5.3  Calculating  the  Value  of  A, 


Earlier  in  the  chapter,  you  were  told  that  the  overall  current  gain  (A,)  of  a  common-emitter 
amplifier  is  always  lower  than  the  current  gain  of  the  transistor  (hfe).  We  are  now  ready  to 
take  a  closer  look  at  this  relationship. 

As  you  know,  the  current  gain  of  a  common-emitter  amplifier  is  found  as 


where  iin  is  the  ac  source  current  and  iout  is  the  ac  load  current.  You  also  know  that  the 
current  gain  of  the  transistor  in  a  common-emitter  amplifier  is  found  as 


If  you  refer  to  Figure  9. 17b,  you’ll  see  that  the  input  of  the  common-emitter  contains  a 
current  divider.  This  current  divider  is  made  up  of  /?,,  R2,  and  the  base  of  the  transistor. 
Since  a  portion  of  the  ac  source  current  passes  through  the  biasing  resistors,  ib  <  im.  At 
the  same  time,  the  collector  circuit  of  the  amplifier  forms  another  current  divider.  Since  a 
portion  of  the  ac  collector  current  passes  through  the  collector  resistor,  ;out  <  ic.  These 
factors  combine  to  cause  the  overall  current  gain  of  the  amplifier  (A,)  to  be  significantly 
lower  than  the  current  gain  of  the  transistor  (hfe). 

In  Appendix  D,  an  equation  is  derived  for  amplifier  current  gain.  This  equation  takes  into 
account  the  reduction  in  gain  caused  by  the  transistor  input  and  output  circuitry  as  follows: 


(9.21) 


where  A,  =  the  current  gain  of  the  common-emitter  amplifier 

hfe  -  the  current  gain  of  the  transistor 

(ZinTcXlZinfbase)/?/.)  =  the  reduction  factor  introduced  by  the  biasing  and  output  components 
Example  9.10  demonstrates  the  relationship  between  hfe  and  A,. 

EXAMPLE  9.10 _ 

Calculate  the  value  of  A,  for  the  circuit  shown  in  Figure  9.17b. 

Solution:  For  the  circuit  shown, 

Zuubase)  =  hfer’e  =  (200X24  11)  =  4.8  kft 
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and 


Lab  Reference:  The  voltage  gain 
characteristics  of  a  multistage 
amplifier  are  demonstrated  in 
Exercise  18. 


9.5.4  Multistage  Amplifier  Gain  Calculations 

When  you  want  to  determine  the  overall  value  of  Av,  A„  and/or  Ap  for  a  multistage  ampli¬ 
fier,  you  must  begin  by  determining  the  appropriate  gain  values  for  the  individual  stages. 
Once  the  overall  gain  values  for  the  individual  stages  are  determined,  you  can  determine 
the  desired  overall  gain  value  by  using  any  (or  all)  of  the  following  equations: 


A,t  —  (An)(Aa)(Aa)‘ 


ApT  =  (AvT)(AiT)  (9.24) 

Equations  (9.22)  and  (9.23)  indicate  that  the  overall  value  of  Av  or  A,  is  simply  the  prod¬ 
uct  of  the  individual  stage  gain  values.  Equation  (9.24)  indicates  that  the  overall  power 
gain  is  found  as  the  product  of  the  overall  values  of  Av  and  A,-. 

As  you  recall,  the  exact  sequence  of  equations  used  to  determine  the  overall  value  of 
A,,  for  a  given  amplifier  stage  is  as  follows: 

1.  Perform  a  basic  dc  analysis  of  the  amplifier  to  determine  the  value  of  lE. 

2.  Using  equation  (9.2),  determine  the  value  of  r'e  for  the  amplifier. 

3.  Using  equation  (9.10),  determine  the  value  of  rc  for  the  amplifier. 

4.  Using  the  values  of  r'e  and  rc  found  in  steps  2  and  3,  determine  the  value  of  A,,  for 
the  stage. 

When  you  are  dealing  with  a  two-stage  amplifier,  the  value  of  Zin  for  the  second  stage 
is  used  in  place  of  RL  for  the  rc  calculation  of  the  first  stage.  This  point  is  illustrated  in 
Example  9.11. 

EXAMPLE  9.11 _ 

Determine  the  voltage  gain  for  the  first  stage  of  the  circuit  shown  in  Figure  9.18. 

Solution:  Using  the  established  procedure,  r'e  for  the  first  stage  is  found  to  be 
19.8  ft,  and  r'e  for  the  second  stage  is  found  to  be  17.4  ft.  For  the  second  stage,  hfe 


is  200.  Therefore, 


.4  ft)  =  3.48  kft 
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The  input  impedance  for  the  second  stage  is  found  as 

==  /?5  ||  R(,  ||  Zjn(base)  =  1*33  kfi 

The  input  impedance  of  the  second  stage  (1.33  kfi)  is  the  load  for  the  first  stage. 
Therefore,  rc  for  the  first  stage  is  found  as 

rc  =  R3  ||  Zin  =  5  kfi  I  1.33  kfi  =  1.05  kfi 

Finally,  the  value  of  Av  for  the  first  stage  is  found  as 


Practice  Problem  9.11 

Assume  for  a  moment  that  the  value  of  hfe  for  the  second  stage  in  Figure  9. 1 8  has 
increased  to  280.  Determine  the  new  value  of  A,,  for  the  first  amplifier  stage. 


As  Example  9. 1 1  showed,  you  must  determine  the  Zin  of  a  load  stage  before  you  can 
determine  the  actual  Av  of  a  source  stage.  After  determining  the  Zin  of  the  load  stage, 
this  value  is  used  in  place  of  RL.  Then,  using  rc,  the  voltage  gain  of  the  first  stage  is 
calculated. 

Once  the  value  of  Av  for  the  first  stage  is  known,  we  can  calculate  the  values  of  A,,  for 
the  second  stage  and  for  the  overall  amplifier.  This  is  illustrated  in  Example  9.12. 


EXAMPLE  9.12 _ 

Determine  the  value  of  AvT  for  the  amplifier  in  Figure  9. 18. 

Solution:  We  know  from  Example  9. 1 1  that  the  value  of  Av  for  the  first  stage  is 
53.03  and  that  the  value  of  r'e  for  the  second  stage  is  17.4  Cl. 

The  first  step  in  determining  the  value  of  A„  for  the  second  stage  is  to  determine 
the  value  of  rc  as  follows: 

rc  =  R-,  ||  Rl  =  3.33  kfi 
Av  for  the  second  stage  is  found  as 


rc  3.33  kfi 
r  ~  r'e  ~  17.4  Cl 


191.38 
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Now  that  we  know  the  values  of  Av  for  both  stages,  the  overall  voltage  gain  for  the 
two-stage  amplifier  is  found  as 

AvT  =  (Av,M,2)  =  (53.03X191.38)  =  10.15  X  10s 

Practice  Problem  9.12 

Assume  that  the  second  stage  of  the  amplifier  in  Figure  9.18  has  the  following  values: 
hfe  =  240  and  RL  =  22  kil  Determine  the  value  of  AvT  for  the  two-stage  amplifier. 


We  mentioned  earlier  that  swamping  reduces  the  effects  of  changes  in  r'  on  voltage 
gain.  It  also  reduces  the  loading  effect  of  the  amplifier  on  a  previous  stage.  In  the  next 
section,  we  will  look  at  swamped  amplifiers  and  how  they  overcome  variations  in  r'  while 
reducing  circuit  loading. 


Section  Review  ► 


1.  How  does  an  open  load  affect  the  voltage  gain  of  an  amplifier? 

2.  List,  in  order,  the  steps  required  to  determine  the  value  of  Av  for  a  common-emitter 
amplifier. 

3.  Why  is  it  important  to  be  able  to  determine  the  value  of  Zin  for  a  load  stage? 

4.  List,  in  order,  the  steps  required  to  determine  the  value  of  Zin  for  a  common-emitter 
amplifier. 

5.  Why  is  the  value  of  A,  for  a  given  amplifier  always  lower  than  the  transistor’s  value 
oihf<P. 

6.  How  do  you  determine  the  values  of  AvT  and  AiT  for  a  multistage  amplifier? 

7.  How  do  you  determine  the  value  of  ApT  for  a  multistage  amplifier? 


9.6  Swamped  Amplifiers 


OBJECTIVE  10  ► 


Swamped  amplifier 

An  amplifier  that  uses  a 
partially  bypassed  emitter 
resistance  to  increase  ac  emitter 
resistance.  Also  referred  to  as  a 
gain-stabilized  amplifier. 


A  swamped  amplifier  reduces  variations  in  voltage  gain  by  increasing  the  ac  resistance 
of  the  emitter  circuit.  By  increasing  this  resistance,  it  also  increases  Zin(base),  reducing 
the  amplifier’s  loading  effect  on  a  previous  stage.  A  swamped  amplifier  is  shown  in 
Figure  9.19a. 

The  swamped,  or  gain-stabilized,  amplifier  has  a  higher  ac  emitter  resistance  because 
only  part  of  the  dc  emitter  resistance  is  bypassed.  The  bypass  capacitor  eliminates  only 


+vcc 


FIGURE  9.19  The  swamped  common-emitter  amplifier  and  its  ac  equivalent  circuit. 
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the  value  of  RE.  The  other  emitter  resistor,  rE,  is  part  of  the  ac  equivalent  circuit,  as  shown 
in  Figure  9.19b.  Since  the  voltage  gain  of  the  amplifier  is  equal  to  the  ratio  of  ac  collector 
resistance  to  ac  emitter  resistance,  the  voltage  gain  for  the  amplifier  is  found  as 


The  following  example  demonstrates  the  use  of  equation  (9.25)  in  the  calculation  of  Av 
for  a  swamped  amplifier. 

EXAMPLE  9,13 

Determine  the  value  of  Av  for  the  amplifier  in  Figure  9.20. 


hFE  =  200 
bfe  =150 


FIGURE  9.20 


in 


Solution:  Using  the  established  procedure,  VE  is  found  to  equal  1.37  V.  The  total 
dc  resistance  in  the  emitter  circuit  equals  ( RE  +  rE).  Therefore,  IE  is  found  as 

V*  1.37  V  . 

it,  = - - - =  1.13  mA 

E  /?£  +  r£  1.21  kft 

Now,  the  value  of  r'e  is  found  as 


'  =  *  -  =  22.1  ft 

IE  1.13  mA 


The  value  of  rc  is  now  found  as 


/•c  =  *cll*z.  =  1-3  kft 


Finally,  Av  is  found  as 


Practice  Problem  9.13 

Assume  that  the  amplifier  in  Figure  9.20  has  values  of  RE  =  820  11  and  rE  =  330  ft. 
Determine  the  value  of  Av  for  the  circuit. 
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Why  does  swamping  improve  Swamping  improves  the  gain  stability  of  an  amplifier  when  rE  '»  r Since  most  of  the 

ac  emitter  resistance  is  determined  by  the  value  of  rE,  any  change  in  r'e  has  little  effect  on 
- “'"“"i— J  the  overall  gain  of  the  amplifier.  This  point  is  illustrated  in  Example  9.14. 


EXAMPLE  9.14  _ _ 

Determine  the  change  in  gain  for  the  amplifier  in  Example  9.13  when  r'  doubles  in 
value. 


Solution:  When  r'  doubles  in  value,  Av  becomes 


4  131dl  2  7  3 

v  r;  +  rE  344.2  if 


In  Example  9.13,  we  calculated  a  value  of  Av  =  4.04.  Therefore,  the  change  in 
gain  is 


AA„  =  4.04  -  3.78  =  0.26 


This  is  a  change  of  only  6.44%  from  the  original  value  of  Av. 


When  an  amplifier  is  not  swamped,  doubling  the  value  of  r'  causes  the  value  of  Av  to 
decrease  by  50%.  Thus,  the  gain  of  an  amplifier  is  stabilized  by  swamping  the  emitter  circuit. 

9.6.1  The  Effect  of  Swamping  on  Zin 

The  input  impedance  of  a  transistor  base  is  shown  in  equation  (9.20)  to  equal  hfe  times  the 
ac  resistance  of  the  emitter  circuit.  This  ac  resistance  is  equal  to  (r'e  +  rE)  for  the 
swamped  amplifier.  Thus, 

%(base)  ~  hfeir'e  +  rE)  (9.26) 

The  result  is  that  the  input  impedance  of  the  transistor  base  is  increased  by  an  amount 
equal  to  hferE,  as  shown  in  Example  9.15. 

EXAMPLE  9.15 _ 

Determine  the  value  of  Zin(base)  for  the  circuits  shown  in  Figure  9.21 . 

Solution:  The  circuits  have  near-equal  values  of  dc  emitter  resistance.  Following 
the  established  procedure  for  finding  r'  gives  us  a  value  of  25  if  for  both  circuits. 
Now,  for  Figure  9.21a, 

Zirtbase)  =  hfer'e  =  (200)(25  if)  =  5  kil 

For  Figure  9.21b, 

Zin(base,  =  hfe(r’  +  rE)  =  (200)(25  if  +  200  if)  =  45  kil 


Increasing  the  value  of  Zin(base)  increases  the  overall  value  of  Zin  for  the  amplifier,  as 
shown  in  Example  9.16. 

EXAMPLE  9.16 _ _ 

Determine  the  value  of  Zjn  for  the  amplifiers  in  Figure  9.21. 

Solution:  For  Figure  9.21a, 

Zin  -  /?,  II  R2 II  Zin(base)  =  10  kif  II  2.2  kif  II  5  kif  =  1 J3  kil 
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(a) 

FIGURE  9.21 


+10  V 


(b) 


For  Figure  9.21b, 

Zfa  =  R}  II  R2  1  Zin(base)  =  10  k SI  II  2.2  kfl  II  45  kfl  -  1.73  kfl 

As  you  can  see,  increasing  the  value  of  Zin(base)  increases  the  overall  value  of  Zin  for 
an  amplifier. 

Practice  Problem  9.16 

Determine  the  value  of  Zin  for  the  amplifier  shown  in  Figure  9.20. 


The  increased  Zin  for  Figure  9.21b  means  that  this  circuit  will  have  less  effect  on  the 
A,,  of  a  source  amplifier.  This  point  is  illustrated  in  the  following  example. 


EXAMPLE  9.17 

The  amplifiers  in  Figure  9.21  are  both  driven  by  a  source  amplifier  with  values  of 
r'e  =  25  Cl  and  =  8  kfl.  Determine  the  value  of  A„  for  the  source  amplifier  when 
each  circuit  is  connected  as  the  load. 

Solution:  When  the  circuit  in  Figure  9.21a  is  connected  to  the  source  amplifier, 
the  voltage  gain  of  the  amplifier  is  found  as 


rc  8  kfl  II  1 .33  kfl  ^ 

A’“ST  250  =  45'6 

Remember: 

Sr 

When  the  circuit  shown  in  Figure  9.21b  is  connected  to  the  source  amplifier,  the 
voltage  gain  of  the  amplifier  is  found  as 

Thus,  the  reduced  loading  by  the  circuit  in  Figure  9.21b  increased  the  gain  of  the 
source  amplifier. 
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9.6.2  The  Disadvantage  of  Swamping 

You  have  been  shown  that  a  swamped  amplifier  is  more  stable  against  variations  in  r'. 
You  have  also  been  shown  how  this  amplifier  increases  the  value  of  Av  for  a  source  ampli- 
Swamping  improves  stability  1  filer.  While  the  gain  of  a  swamped  amplifier  is  more  stable,  it  is  lower  than  the  gain  of  a 

comparable  amplifier  that  isn’t  swamped.  This  can  be  seen  by  looking  at  the  two  ampli¬ 
fiers  in  Figure  9.21  again.  Note  that  the  two  circuits  are  nearly  identical  for  purposes  of 
dc  analysis.  Both  have  approximately  1.1  kfl  in  their  emitter  circuits. 

The  two  amplifiers  differ  primarily  in  their  ac  characteristics.  Note  that  the  total  ac 
resistance  in  the  emitter  circuit  of  Figure  9.21a  is  25  Cl:  the  value  of  r'.  This  low  resistance 
provides  the  circuit  with  a  gain  of  117.  The  total  ac  resistance  in  the  emitter  circuit  of 
Figure  9.21b  is  225  Cl.  This  higher  emitter  resistance  reduces  the  overall  gain  of  the  ampli¬ 
fier  to  13.  Thus,  swamping  reduces  the  overall  gain  of  the  amplifier.  At  the  same  time,  you 
must  remember  that  the  swamped  amplifier  has  a  much  more  stable  value  of  Av  than  the 
standard  common-emitter  amplifier.  Also,  the  increase  in  Av  experienced  by  a  source 
amplifier  that  is  driving  a  swamped  amplifier  partially  offsets  the  reduction  in  gain. 

9.6.3  The  Emitter  Circuit  Is  the  Key 

The  key  to  distinguishing  between  a  swamped  (or  gain- stabilized)  common-emitter 
amplifier  and  a  standard  common-emitter  amplifier  is  to  look  at  the  emitter  circuit.  If  the 
emitter  resistance  is  completely  bypassed,  you  are  dealing  with  a  standard  common- 
emitter  amplifier.  If  the  emitter  resistance  is  only  partially  bypassed,  you  are  dealing  with 
a  swamped,  or  gain-stabilized,  amplifier.  The  circuit  recognition  features  of  these  two 
types  of  common-emitter  amplifiers,  along  with  the  different  equations  for  the  two,  are 
summarized  in  Figure  9.22. 


FIGURE  9.22 
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◄  Section  Review 


1.  How  does  swamping  reduce  the  effect  of  variations  in  the  value  of  r',? 

2.  How  does  swamping  affect  the  value  of  Av  for  a  source  amplifier?  Explain  your 
answer. 

3.  What  is  the  primary  disadvantage  of  using  amplifier  swamping?  Explain  your 
answer. 

4.  What  effect  (if  any)  would  removing  the  bypass  capacitor  in  Figure  9.20  have  on  the  ◄  Critical  Thinking 
circuit’s  voltage  gain?  Explain. 


//-Parameters 


Hybrid  parameters,  or  ^-parameters,  are  transistor  specifications  that  describe  the  ◄  OBJECTIVE  11 
component  operating  characteristics  under  specific  circumstances.  Each  of  the  four 
h-parameters  is  measured  under  no-load  or  full-load  conditions.  These  h-parameters  are 
then  used  in  circuit  analysis  applications. 

The  four  h-parameters  for  a  transistor  in  a  common-emitter  amplifier  are  as  follows: 


hie  =  the  base  input  impedance 

hfe  —  the  base-to-collector  current  gain 

hoe  =  the  output  admittance 

hre  -  the  reverse  voltage  feedback  ratio 


^-Parameters 

Transistor  specifications  that 
describe  the  operation  of  the 
device  under  full-load  or  no- 
load  conditions. 


It  should  be  noted  that  all  these  values  represent  ac  characteristics  of  the  transistor  as  mea¬ 
sured  under  specific  circumstances.  Before  discussing  the  applications  of  /i-parameters, 
let’s  take  a  look  at  the  parameters  and  the  method  of  measurement  used  for  each. 


9.7.1  Input  Impedance  ( hie ) 

The  input  impedance  (hie)  is  measured  with  the  output  shorted.  A  shorted  output  is  a 
full  load,  so  hie  represents  the  input  impedance  to  the  transistor  under  full-load  condi¬ 
tions.  The  measurement  of  hie  is  illustrated  in  Figure  9.23a.  As  you  can  see,  a  capacitor 
is  connected  between  the  emitter  and  collector  terminals.  This  capacitor  provides  an  ac 
short  between  the  terminals  when  an  ac  signal  is  applied  to  the  base-emitter  junction  of 
the  transistor.  With  the  input  voltage  applied,  the  base  current  is  measured.  Then,  hie  is 
determined  as 


Input  impedance  ( hie ) 

The  input  impedance  of  the 
transistor,  measured  under  full¬ 
load  conditions. 


(output  shorted) 


(9.27) 


Why  short  the  output?  You  may  recall  that  any  resistance  in  the  emitter  circuit  is 
reflected  back  to  the  base.  This  condition  was  described  in  the  equation 


Why  is  hie  measured  under  full- 


Zi„(base)  =  hf((r'e  +  rE) 


By  shorting  the  collector  and  emitter  terminals,  the  measured  value  of  hie  does  not  reflect 
any  external  resistance  in  the  emitter  circuit. 


9.7.2  Current  Gain  ( hfe ) 

The  base-to-collector  current  gain  (hfe)  is  also  measured  with  an  ac  short  connected 
across  the  emitter  and  collector  terminals.  Again,  this  represents  a  full  ac  load,  so  hfe  rep¬ 
resents  the  current  gain  of  the  transistor  under  full-load  conditions.  The  measurement  of 


Current  gain  (hfe) 

The  ac  beta  of  the  component, 
measured  under  full-load 
conditions. 
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The  circuits  shown  in  Figure 
9.23  are  simplified 
representations  of  /i-parameter 
measurements.  Actual 

more  complex  than  slM*n  Iotc. 


(a)  Input  impedance  (hie) 


(c) 

FIGURE  9.23 


Output  admittance  (h^)  (d)  Reverse  voltage  feedback  ratio  (hre) 

The  measurement  of  /?-parameters. 


hfe  is  illustrated  in  Figure  9.23b.  With  a  signal  applied  to  the  base  and  the  output  shorted, 
both  the  base  and  collector  currents  are  measured.  Then,  hfe  is  determined  as 


(output  shorted) 

-.•M.ji 'I!!.:;.; 


(9.28) 


Why  is  hfe  measured  under  full- 


In  this  case,  it  is  clear  why  the  output  is  shorted.  If  the  output  were  left  open,  ic  would 
equal  zero.  Shorting  the  output  gives  us  a  measurable  value  of  ic  that  can  be  reproduced  in 
a  practical  test.  In  other  words,  anyone  can  achieve  the  same  results  simply  by  shorting 
the  output  terminals  and  applying  the  same  signal  to  the  transistor. 


9.7.3  Output  Admittance  ( hoe ) 


Output  admittance  {hoe) 

The  admittance  of  the  collector- 
emitter  circuit,  measured  under 
no-load  conditions.  Since 
admittance  is  the  reciprocal  of 
impedance,  the  unit  of  measure 
is  often  listed  as  mhos 
(although  siemens  is  the 
preferred  unit  of  measure.) 


Reverse  voltage  feedback 
ratio  (hre) 

The  ratio  of  vbe  to  vc„,  measured 
under  no-load  conditions.  This 
parameter  is  used  mainly  in 
amplifier  design.  Since  hK  is  a 
ratio  of  two  voltages,  it  has  no 
unit  of  measure. 


The  output  admittance  ( hoe )  is  measured  with  the  input  open.  The  measurement  of  hoe  is 
illustrated  in  Figure  9.23c.  As  you  can  see,  a  signal  is  applied  across  the  collector-emitter 
terminals.  Then,  with  this  signal  applied,  the  value  of  ic  is  measured.  The  value  of  hoe  is 
then  determined  as 


(input  open) 


(9.29) 


Measuring  hoe  with  the  input  open  makes  sense  when  you  consider  the  effect  of  short¬ 
ing  the  input.  If  the  input  to  the  transistor  were  shorted,  there  would  be  some  base  current 
(ih).  Since  this  current  would  come  from  the  emitter,  the  value  of  ic  would  not  be  at  its 
maximum  value.  In  other  words,  by  not  allowing  ib  to  be  generated,  ic  is  at  its  absolute 
maximum  value.  Therefore,  hoe  is  an  accurate  measurement  of  the  maximum  output 
admittance. 


9.7.4  Reverse  Voltage  Feedback  Ratio  ( hre ) 

The  reverse  voltage  feedback  ratio  ( hre )  indicates  the  amount  of  output  voltage  reflected 
back  to  the  input.  This  value  is  measured  with  the  input  open.  The  measurement  of  hre  is 
illustrated  in  Figure  9.23d.  A  signal  is  applied  to  the  collector-emitter  terminals.  Then, 
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with  the  input  open,  the  voltage  that  is  fed  back  to  the  base  is  measured.  The  value  of  h„, 
is  then  determined  as 


(input  open) 


(9.30) 


Since  the  voltage  at  the  base  terminal  is  always  less  than  the  voltage  across  the  emitter- 
collector  terminals,  hre  is  always  less  than  1.  By  measuring  hre  with  the  input  open,  you 
ensure  that  the  voltage  fed  back  to  the  base  is  always  at  its  maximum  possible  value 
(since  maximum  voltage  is  always  developed  across  an  open  circuit). 


9.7.5  Circuit  Calculations  Involving  ^-Parameters 

Circuit  calculations  involving  /i-parameters  can  be  very  simple  or  very  complex,  depend¬ 
ing  on  the  following: 

1.  What  you  are  trying  to  determine. 

2.  How  exact  you  want  your  calculations  to  be. 

For  our  purposes,  we  are  interested  in  only  four  ^-parameter  circuit  equations.  These 
equations  are  as  follows: 


(9.21) 

^in(base)  ~  hie 

(9.31) 

r>  _  hit 

hfe 

(9.32) 

a  Vc 

hie 

(9.33) 

The  At  equation  (9.21)  was  introduced  earlier  in  the  chapter.  The  only  change  in  the 
equation  is  the  substitution  of  hie  for  Zin(base),  as  given  in  equation  (9.31).  Equation  (9.31) 
is  relatively  easy  to  understand  if  you  refer  to  Figure  9.1 2d.  Here,  we  see  the  ac  equiva¬ 
lent  circuit  for  the  amplifier  shown  in  Figure  9.12a.  Looking  at  the  ac  equivalent  circuit,  it 
is  easy  to  see  that  the  only  impedance  between  the  base  of  the  transistor  and  the  emitter 
ground  connection  is  the  input  impedance  of  the  transistor.  This  input  impedance  is  hie. 

Equation  (9.32)  is  derived  using  equations  (9.20)  and  (9.31).  You  may  recall  that  equa¬ 
tion  (9.20)  defines  Zin(base)  as 

Zin(base)  —  hj-ere 


Substituting  equation  (9.31)  for  Zin(base),  we  obtain 

h[e  hf,,  r,. 

Simply  rearranging  for  r'e  gives  us  equation  (9.32). 

You  may  be  wondering  why  we  would  go  to  all  this  trouble  to  find  r'e  with  /z-parameters 
when  we  can  simply  use 


25  mV 


The  fact  of  the  matter  is  that  the  25  mV//E  equation  isn’t  always  accurate.  By  using  the 
/i-parameter  equation,  we  can  obtain  a  much  more  accurate  value  of  r'e  and.  thus,  can  cal¬ 
culate  more  closely  the  value  of  Av  for  a  given  common-emitter  amplifier. 


A  Practical  Consideration: 
Depending  on  the  transistor 
used,  the  given  value  of  25  mV 
in  the  r'e  equation  can  actually 
be  any  value  between  25  and 
52  mV.  This  gives  us 

25  mV  52  mV 

.  . . . =£  r,/s£. - 

4  J/tj 

This  is  why  we  use  tire  more 
accurate  A- parameter  equations 
whenever  possible.  _  ; 
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Equation  (9.33)  is  derived  as  follows: 


The  equations  in  this  section  will  be  used  throughout  our  discussion  on  ac  amplifier 
analysis.  It  should  be  noted  that  the  entire  subject  of  A-parameters  and  their  derivations  is 
far  more  complex  than  represented  here.  The  subject  is  covered  more  thoroughly  in 
Appendix  C  for  those  readers  who  are  interested.  If  you  do  not  wish  to  get  involved  in 
/i-parameter  derivations,  you  may  continue  from  this  point  without  loss  of  continuity. 


9.7.6  Determining  /i-Parameter  Values 

The  spec  sheet  for  a  given  transistor  will  list  the  values  of  the  device’s  /i-parameters  in  the 
electrical  characteristics  portion  of  the  sheet.  This  is  illustrated  in  Figure  9.24,  which  shows 
the  electrical  characteristics  portion  of  the  spec  sheet  for  the  2N4400  -4401  series  transistors. 

2N4400,  2N4401 


Characteristic 

Tl  Dili 

Unfc 

Emitter-Base  Capacitance 

Ceb 

— 

30 

pF 

{ VBE  =  0.5  Vdc,  lc  =  0.  f  =  100  kHz) 

Input  Impedance 

hie 

(lc  =  1 .0  mAdc,  VCE  =  10  Vdc,  f  =  1.0  kHz)  2N4400 

0.5 

2N4401 

1.0 

Voltage  Feedback  Ratio 

hre 

0.1 

8.0 

x  10-4 

(lc  =1-0  mAdc,  VCe=  10  Vdc,  f  =  1.0  kHz) 

Small-Signal  Current  Gain 

hfe 

(lc  =  1 .0  mAdc,  VCE=  10  Vdc,  f  =  1 .0  kHz)  2N4400 

20 

250 

— 

2N4401 

40 

500 

— 

Output  Admittance 

hoe 

1.0 

30 

pmhos 

(lc  =  1.0  mAdc,  VCE=  10  Vdc,  f  =  1 .0  kHz) 

FIGURE  9.24  (Copyright  of  Semiconductor  Component  Industries,  LLC.  Used  by 
permission.) 

When  minimum  and  maximum  A -parameter  values  are  given,  we  must  determine  the 
geometric  average  of  the  two  values.  Thus,  the  values  of  hie  and  h)e  that  we  would  use  in 
the  analysis  of  a  2N4400  circuit  would  be  found  as 


K  =  V/z,>(min)  X  =  V(500  fl)(7.5  kfl)  =  1.94  Ml 
and 

hfe  =  in)  X  /l/f(max)  =  \/ (20)(250)  =  71 

Example  9.18  shows  how  the  above  values  would  be  used  in  the  ac  analysis  of  a  2N4400 
amplifier. 


A  Practical  Consideration: 
/i-Parameter  values  are  often 
sfesafebtothed 


EXAMPLE  9.18 _ 

Determine  the  values  of  Zm  and  Av  for  the  circuit  shown  in  Figure  9.25. 

Solution:  Using  the  established  analysis  procedure,  the  value  of  Ic  for  the  circuit 
is  found  to  be  approximately  1  mA.  Since  the  values  of  hie  and  hfe  for  the  2N4400 
are  listed  at  Ic  =  1  mA  (from  the  spec  sheet  in  Figure  9.24),  we  can  use  the  geo¬ 
metric  averages  of  hie  =  1.94  kfi  and  hfe  =  71  that  were  determined  earlier.  Using 
these  values, 


Zlnfbase)  —  hie  ~  1-94  kO 

and 

Zin  =  R1  II  R2  II  Zin(base)  =  1.36  kft 
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■O+30V 


FIGURE  9.25 


Now, 


rc  =  Rc  H  Rl  =  6.67  kft 


and 


Av  = 


Vc  (71X6.67  kfl) 


hie 


1.94  kO 


=  244 


Practice  Problem  9.18 

An  amplifier  like  the  one  in  Figure  9.25  has  values  of  Rc  =  12  kfl,  RL  =  4.7  kfl, 
Rx  =  33  kfl,  R2  -  4.7  kfl,  and  Ic  =  1  mA.  At  1  mA,  the  transistor  has  /(-parameter 
values  of  hie  =  1  to  5  kfl  and  hfe  =  70  to  350.  Determine  the  values  of  Zin  and  Av 
for  the  circuit. 


As  Example  9.18  pointed  out,  the  /(-parameter  values  listed  on  the  spec  sheet  of  the 
2N4400  were  measured  at  Ic  =  1  mA.  As  was  the  case  with  hFE,  the  ac  /(-parameters  all  vary 
with  the  value  of  Ic.  This  point  is  illustrated  in  Figure  9.26,  which  shows  the  /(-parameter 
curves  for  the  2N4400-4401  series  transistors. 

First,  a  word  or  two  about  the  curves.  Each  /(-parameter  graph  shows  four  curves.  Two 
of  the  curves  are  identified  as  being  for  the  2N4400,  and  two  of  them  are  identified  as 
being  for  the  2N4401.  Just  as  we  were  given  minimum  and  maximum  h- parameter  values  at 
1CQ  =  1  mA,  we  have  minimum  (Unit  2)  and  maximum  (Unit  1)  curves  for  the  transistors. 

To  determine  the  value  of  a  given  parameter  at  a  given  value  of  ICQ,  use  the  following 
procedure: 

1.  Using  the  graph,  determine  the  minimum  and  maximum  /(-parameter  values  at  the 
value  of  ICQ. 

2.  Use  the  geometric  average  of  the  two  values  obtained  in  the  analysis  of  the  amplifier. 
The  use  of  this  procedure  is  demonstrated  in  Example  9. 19. 

EXAMPLE  9.19 _ 

An  amplifier  that  uses  a  2N4400  has  values  of  ICQ  =  5  mA  and  rc  =  460  fl.  Deter¬ 
mine  the  value  of  Av  for  the  circuit. 

Solution:  From  the  hfe  curve  in  Figure  9.26,  we  can  approximate  the  limits  of  hfe 
to  be  110  to  140  when  ICQ  =  5  mA.  The  geometric  average  of  these  two  values  is 
found  as 

hfe  =  V/!/e(min)  X  /(/£(max)  =  V(1 10X140)  =  124 
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The  hie  graph  shows  the  limits  of  hie  to  be  600  and  800  ft  when  ICQ  =  5  mA.  The 
geometric  average  of  these  two  values  is  found  as 


'(600  ft)(800  ft)  =  69311 


Using  hfe  —  124  and  hie  =  693  ft,  the  value  of  Av  is  determined  to  be 
,  Vc  <124X460  O) 

A,  =  ~h~=  Wn~  "  8r5 

Practice  Problem  9.19 

A  2N4401  is  used  in  a  circuit  with  values  of  ICQ  =  2  mA  and  rc  =  1.64  kft.  Deter¬ 
mine  the  value  of  A,,  for  the  amplifier  using  the  curves  in  Figure  9.26. 


9.7.7  A  Few  More  Points 

In  this  section,  we  have  concentrated  on  hie  and  li/e.  That’s  because  these  two  parameters  are 
the  ones  most  commonly  used  for  circuit  analysis.  The  other  two  /(-parameters,  hoe  and  hre, 
are  used  primarily  in  circuit  development  applications. 

Whenever  you  need  to  determine  the  voltage  gain  of  an  amplifier,  the  required 
A-parameter  values  can  be  obtained  from  the  spec  sheet  of  the  transistor.  If  a  range  of  val¬ 
ues  is  given,  you  can  actually  follow  either  of  two  procedures: 

1.  If  you  want  an  approximate  value  of  A„,  you  can  use  the  geometric  average  of  the 
/(-parameter  values  listed. 
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2.  If  you  are  interested  in  the  worst-case  values  of  Av,  you  can  analyze  the  amplifier 
using  both  the  minimum  and  maximum  values  of  hfe  and  hie.  By  doing  this,  you  will 
obtain  the  minimum  and  maximum  values  of  Av.  These  two  values  represent  the 
voltage  gain  limits  for  the  amplifier. 


1.  What  is  hiel  How  is  the  value  of  hie  measured?  ◄  Section  Review 

2.  What  is  hfel  How  is  the  value  of  hfe  measured? 

3.  What  is  hoel  How  is  the  value  of  hoe  measured? 

4.  What  is  hrf!  How  is  the  value  of  hre  measured? 

5.  Which  of  the  four  /i-parameters  are  commonly  used  in  circuit  analysis? 

6.  Where  are  /z-parameter  values  usually  listed  on  a  transistor  spec  sheet? 

7.  When  minimum  and  maximum  /i-parameter  values  are  listed,  what  value  do  you  usu¬ 
ally  use  for  circuit  analyses? 

8.  What  is  the  procedure  for  determining  the  values  of  hie  and  hfe  at  a  specified  value 
of  7ce? 

9.  How  is  the  circuit  analysis  procedure  changed  for  determining  the  worst-case  values 
of  A„? 

10.  Can  replacing  a  transistor  with  one  having  the  same  part  number  cause  a  change  in  ◄  Critical  Thinking 
the  voltage  gain  of  a  standard  common-emitter  amplifier?  Explain  your  answer. 


9.8  Amplifier  Troubleshooting 


We  have  already  discussed  the  dc  troubleshooting  procedure  for  an  amplifier.  However,  ^  OBJECTIVE  12 

that  discussion  assumed  that  you  already  knew  there  was  a  problem  in  the  amplifier.  How 

can  you  tell  when  one  out  of  several  amplifiers  is  the  cause  of  a  problem?  For  example, 

take  a  look  at  Figure  9.27.  If  the  final  output  from  this  series  of  amplifiers  is  bad,  how  do 

you  know  which  amplifier  is  the  source  of  the  trouble? 

When  you  troubleshoot  a  series  of  amplifiers,  begin  at  the  final-stage  output.  When  you 
verify  that  the  output  from  the  amplifier  is  faulty,  check  the  amplifier  input.  If  the  input  to 
the  stage  is  good,  then  the  problem  exists  in  the  final  stage.  If  the  input  to  the  amplifier  is 
faulty,  disconnect  the  coupling  component  between  the  amplifier  stages,  and  check  the 
output  from  the  source  stage.  For  example,  if  the  signal  at  test  point  (3)  in  Figure  9.27 
appears  faulty,  disconnect  either  side  of  C4  and  check  the  signal  at  test  point  (4).  The 
reason  for  doing  this  is  to  ensure  that  a  faulty  input  is  the  result  of  a  problem  in  the  source 
stage.  If  the  the  output  from  a  previous  stage  is  good  when  the  coupling  component  is  dis¬ 
connected,  the  fault  lies  in  either  the  coupling  component  or  the  load  stage. 

9.8.1  Amplifier  Input/Output  Signals 

Figure  9.28  shows  the  signals  you  should  see  at  the  inputs  and  outputs  of  each  stage  of 
Figure  9.27.  Note  that  the  standard  common-emitter  amplifiers  (stages  2  and  3)  show  no 
ac  signal  at  the  emitter  terminal  of  the  transistors  since  the  ac  voltage  is  developed  across 
r'e  in  the  transistors  themselves.  The  swamped  amplifier  (stage  1)  has  a  small  ac  signal 
present  at  the  emitter  terminal  but  only  a  dc  level  at  the  bypass  capacitor  connection 
point.  In  all  three  cases,  the  collector  signal  is  much  larger  in  amplitude  than  the  input 
signal  at  the  base,  and  the  two  signals  are  180°  out  of  phase. 

When  troubleshooting  the  amplifier,  locate  the  stage  that  has  the  faulty  input/output 
combination  (as  described  above).  When  you  find  that  stage,  troubleshoot  the  dc  circuit  as 
you  were  shown  in  Chapter  7. 

9.8.2  Nonlinear  Distortion 

As  you  know,  distortion  is  an  unwanted  change  in  the  shape  of  an  ac  signal.  One  prob¬ 
lem  that  commonly  occurs  in  common-emitter  amplifiers  is  called  nonlinear  distortion. 
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Note:  The  numbers  in  parentheses  are  used  to  identify  test  points. 
FIGURE  9.27  A  three-stage  CE  amplifier. 


Test  point 

FIGURE  9.28  Signals  for  Figure  9.27. 


The  output  waveform  from  an  amplifier  experiencing  nonlinear  distortion  is  illustrated  in 
Figure  9.29a.  Note  the  difference  between  the  shape  of  the  negative  alternation  of  the  sig¬ 
nal  (normal)  and  that  of  its  positive  alternation  (distorted).  The  rounding  of  the  positive 
alternation  is  a  result  of  nonlinear  distortion. 
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^in 


''out 


Waveform  rounding  caused 
by  nonlinear  transistor 
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(b)  Base  characteristic  curve 


Nonlinear  distortion  is  a  type  of  distortion  caused  by  driving  the  base-emitter  junc¬ 
tion  of  a  transistor  into  its  nonlinear  operating  region.  This  point  is  illustrated  with  the 
help  of  Figure  9.29b,  which  shows  the  base  characteristic  curve  of  a  transistor. 

Normally,  a  transistor  is  operated  so  that  the  base-emitter  junction  stays  in  the  linear 
region  of  operation.  In  this  region,  a  change  in  VBE  causes  a  linear  (constant  rate)  change 
in  IB.  If  the  transistor  is  operated  in  the  nonlinear  operating  region,  a  change  in  VBF  causes 
a  change  in  IB  that  is  not  linear.  For  example,  compare  the  slope  of  the  curve  at  the  points 
immediately  above  and  below  VK.  Since  the  slope  of  the  curve  changes,  the  rate  of  change 
in  IB  also  changes. 

The  base-emitter  junction  of  a  transistor  may  be  driven  into  its  nonlinear  operating 
region  by  either  of  two  sets  of  circumstances: 

1.  A  transistor  is  normally  biased  so  that  IB  has  a  value  well  within  the  linear  region  of 
operation.  If  an  amplifier  is  poorly  biased  (so  that  the  {2-point  value  of  IB  is  near  the 
nonlinear  region  of  operation),  a  relatively  small  ac  input  signal  can  drive  the 
amplifier  into  the  nonlinear  region  of  operation,  and  nonlinear  distortion  will  result. 

2.  The  amplitude  of  the  amplifier  input  signal  may  be  sufficient  to  drive  even  a  well- 
biased  amplifier  into  nonlinear  operation,  causing  nonlinear  distortion. 

If  the  first  of  these  two  problems  (poor  biasing)  is  present,  the  only  solution  is  to  redesign 
the  amplifier  for  a  higher  value  of  IB.  When  the  second  problem  (overdriving  the  ampli¬ 
fier)  is  present,  the  solution  is  to  reduce  the  amplitude  of  the  amplifier  input  signal. 

Nonlinear  distortion  can  cause  a  variety  of  problems  in  communications  electronics.  In 
stereos,  it  may  cause  the  audio  to  sound  “grainy”  or  even  cause  the  tones  of  various  musi¬ 
cal  instruments  to  change.  In  television  video  circuits,  it  can  cause  distortion  in  the  pic¬ 
ture.  To  avoid  these  types  of  problems,  amplifier  design  emphasizes  avoiding  nonlinear 
distortion.  Since  amplifiers  are  normally  designed  to  avoid  the  problem,  the  most  com¬ 
mon  cause  of  nonlinear  distortion  is  overdriving  an  amplifier. 


9.8.3  A  Few  Pointers 

When  you  are  troubleshooting  common-emitter  amplifiers,  remember  that  the  input  sig¬ 
nal  for  a  given  stage  will  have  a  much  lower  amplitude  than  the  output.  For  this  reason, 
you  should  reduce  the  vertical  sensitivity  (volts/div)  setting  on  your  oscilloscope  when 
going  from  output  to  input.  For  example,  consider  a  circuit  with  a  voltage  gain  of  100. 
Under  normal  circumstances,  this  amplifier  has  an  output  signal  that  is  100  times  as 
large  as  the  input  signal.  If  you  try  to  read  these  two  signals  using  the  same  volts/div 
setting  on  the  oscilloscope,  you  will  not  be  able  to  see  the  input  signal. 

Another  point  is  this:  Don’t  worry  about  seeing  the  180°  phase  shift  on  your  oscillo¬ 
scope.  If  you  want  to,  you  can  external  trigger  the  oscilloscope  on  the  amplifier  input  to 
view  the  phase  shift.  However,  viewing  the  phase  shift  is  not  really  critical.  If  the  ampli¬ 
fier  is  working,  the  phase  shift  will  be  there.  You  will  never  run  into  a  problem  where  the 
amplifier  has  the  right  signal  but  the  phase  shift  is  not  there,  so  don’t  worry  about  it.  Just 


Nonlinear  distortion 
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look  to  see  if  the  amplifier  has  a  small-signal  input  and  a  large-signal  output.  If  it  does,  it 
is  all  right  (assuming  that  the  output  waveform  is  not  distorted).  If  neither  signal  is  nor¬ 
mal,  you  need  to  return  to  the  preceding  stage.  If  the  source  signal  is  good  and  the  output 
signal  is  bad,  you  have  found  the  bad  stage. 


Section  Review  ► 


1.  What  is  the  procedure  for  troubleshooting  a  multistage  amplifier? 

2.  When  the  signal  at  the  input  of  an  amplifier  appears  to  be  faulty,  you  disconnect  the 
coupling  between  stages  and  check  the  output  from  the  source  stage.  Why? 

3.  What  is  nonlinear  distortion ? 

4.  What  are  the  causes  of  nonlinear  distortion?  Which  of  these  causes  occurs  most 
frequently? 

5.  When  troubleshooting  an  amplifier,  why  do  you  need  to  pay  close  attention  to  the 
volts/div  setting  of  the  oscilloscope? 


CHAPTER  SUMMARY  - 

Here  is  a  summary  of  the  major  points  made  in  this  chapter: 

1.  There  are  three  types  of  gain:  current  gain  (A,),  voltage  gain  (Av),  and  power  gain 
(Ap). 

a.  Common-emitter  amplifiers  provide  all  three  types  of  gain. 

b.  Common-collector  amplifiers  provide  only  current  gain  and  power  gain. 

c.  Common-base  amplifiers  provide  only  voltage  gain  and  power  gain. 

d.  The  choice  of  amplifier  for  a  given  application  often  depends  on  the  types  of 
gain  desired. 

2.  The  common-emitter  amplifier  is  unique  because  the  input  and  output  signal  volt¬ 
ages  are  1 80°  out  of  phase,  even  though  the  input  and  output  currents  are  in  phase 
(see  Figure  9.1). 

a.  Input  voltage  (vh)  and  current  ( ib )  are  in  phase. 

b.  Input  and  output  currents  are  in  phase. 

c.  Output  voltage  ( vc)  is  180°  out  of  phase  with  output  current  ( ic ).  Therefore,  input 
voltage  ( vb )  and  output  voltage  (vc)  are  1 80°  out  of  phase. 

3.  The  ac  emitter  resistance  (r')  of  a  transistor  is  the  dynamic  resistance  of  the  base- 
emitter  junction. 

a.  The  value  of  r'e  is  used  in  amplifier  voltage  gain  and  input  impedance  calcula¬ 
tions. 

b.  r',  equals  the  ratio  of  a  change  in  VBE  to  the  corresponding  change  in  lE. 

4.  The  ratio  in  3(b)  varies  with  the  location  of  the  0-point  on  the  base  curve  of  the 
transistor.  Therefore,  r'  varies  with  the  bias  point  on  the  base  curve,  (see  Figure 
9.3.) 

5.  The  ac  current  gain  of  a  transistor  is  different  from  its  dc  current  gain. 

a.  The  dc  current  gain  ((3dc  or  hFE)  is  measured  using  steady  state  (unchanging)  val¬ 
ues  of  Ic  and  IB  (see  Figure  9.4a). 

b.  The  ac  current  gain  ( (3ac  or  hfe)  is  measured  using  changing  values  of  Ic  and  IB 

(see  Figure  9.4b).  \ 

6.  The  current  gain  (A,)  of  the  transistor  in  a  common-emitter  amplifier  is  listed  as  hfe 
on  the  component  spec  sheet. 

7.  Capacitors  play  two  primary  roles  in  common-emitter  amplifiers. 

a.  Coupling  capacitors  pass  an  ac  signal  from  one  amplifier  stage  to  another  while 
providing  dc  isolation  between  the  two. 

b.  Bypass  capacitors  are  used  to  short  circuit  ac  signals  to  ground  while  not  affect¬ 
ing  the  dc  operation  of  the  circuit. 

8.  Cascaded  amplifiers  are  connected  in  series. 

9.  Each  amplifier  in  a  group  of  cascaded  amplifiers  is  called  a  stage. 

10.  A  coupling  capacitor  is  used  to: 

a.  Pass  an  ac  signal  from  one  amplifier  stage  to  the  next  with  little  or  no  distortion. 

b.  Provide  dc  isolation  between  amplifier  stages. 
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11.  An  ac  equivalent  circuit  shows  how  a  circuit  appears  to  an  ac  source. 

12.  The  ac  coupling  and  dc  isolation  characteristics  of  coupling  capacitors  are  illus¬ 
trated  in  Figure  9.6. 

13.  A  bypass  capacitor  is  used  to  establish  an  ac  ground  at  a  specific  point  in  a  circuit. 

a.  In  a  common-emitter  amplifier,  a  bypass  capacitor  is  positioned  as  shown  in 
Figure  9.8. 

b.  The  ac  and  dc  characteristics  of  bypass  capacitors  are  illustrated  in  Figure  9.9. 

14.  The  effects  of  coupling  and  bypass  capacitors  on  amplifier  signal  voltages  are  illus¬ 
trated  in  Figure  9.10. 

15.  The  ac  equivalent  of  a  common-emitter  amplifier  is  derived  by: 

a.  Shorting  all  the  capacitors  in  the  circuit. 

b.  Replacing  all  dc  sources  with  a  ground  symbol. 

This  procedure  is  illustrated  in  Example  9.2. 

16.  The  voltage  gain  (Av)  of  an  amplifier  is  the  factor  by  which  ac  signal  voltage 
increases  from  the  input  of  an  amplifier  to  its  output. 

17.  The  value  of  Av  for  a  common-emitter  amplifier  equals  the  ratio  of  total  ac  collector 
resistance  to  total  ac  emitter  resistance. 

18.  The  value  of  r'e  for  a  transistor  can  be  affected  by  changes  in  temperature,  which  in 
turn  can  cause  instability  in  the  circuit  A„. 

19.  Current  gain  (A,)  is  the  factor  by  which  signal  current  increases  from  the  input  of  an 
amplifier  to  its  output. 

20.  The  value  of  A,  for  a  common-emitter  amplifier  is  always  lower  than  the  transistor 
hfe  rating  for  two  reasons: 

a.  The  ac  input  is  divided  between  the  transistor  and  the  biasing  network. 

b.  The  ac  output  from  the  transistor  collector  is  divided  between  the  collector  resis¬ 
tor  and  the  load. 

21.  The  power  gain  (Ap)  of  an  amplifier  is  the  factor  by  which  signal  power  increases 
from  the  input  of  an  amplifier  to  its  output. 

22.  Amplifier  power  gain  equals  the  product  of  voltage  gain  and  current  gain. 

23.  For  any  amplifier,  the  lower  the  resistance  of  the  load,  the  lower  the  voltage  gain  of 
the  circuit. 

24.  Voltage  gain  reaches  its  maximum  possible  value  under  no-load  conditions. 

25.  The  base  input  impedance  of  a  transistor  is  listed  as  hie  on  the  component’s  spec 
sheet. 

26.  In  a  cascaded  amplifier,  the  input  impedance  of  a  load  stage  affects  the  voltage  gain 
of  the  source  stage  (see  Example  9. 1 1). 

27.  A  swamped  amplifier  uses  a  partially  bypassed  emitter  resistance  to  increase  its 
overall  ac  emitter  resistance  (see  Figure  9.19).  As  a  result  of  partially  bypassing  the 
emitter  resistance: 

a.  The  voltage  gain  of  the  amplifier  is  made  more  stable  against  changes  in  r'e.  (For 
this  reason,  this  type  of  amplifier  is  commonly  referred  to  as  a  gain- stabilized 
amplifier.) 

b.  Overall  voltage  gain  is  decreased  drastically. 

c.  Amplifier  input  impedance  is  increased. 

28.  Hybrid  parameters,  or  h-parameters,  are  transistor  specifications  that  describe  the 
ac  operation  of  the  component  under  full-load  or  no-load  conditions. 

a.  hie  is  the  base  input  impedance. 

b.  hfe  is  the  base-to-collector  current  gain. 

C.  hoe  is  the  output  admittance. 

d.  hre  is  the  reverse  voltage  feedback  ratio. 

Each  of  these  parameters  is  measured  as  shown  in  Figure  9.23. 

29.  When  the  spec  sheet  for  a  transistor  lists  minimum  and  maximum  values,  the 
geometric  average  of  the  two  is  used  for  circuit  analysis  problems  (see  Example 
9.18). 

30.  Transistor  spec  sheets  commonly  provide  graphs  representing  the  //-parameter  val¬ 
ues  under  a  variety  of  circuit  conditions  (see  Figure  9.26).  When  graphs  are  used, 
specific  //-parameter  values  are  determined,  as  demonstrated  in  Example  9.19. 
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31.  Nonlinear  distortion  is  a  type  of  distortion  caused  by  driving  the  base-emitter  junc¬ 
tion  of  a  transistor  into  its  nonlinear  operating  region. 

32.  Nonlinear  distortion  can  be  caused  by: 

a.  Poorly  biasing  a  transistor  so  that  the  2-point  value  of  IB  is  near  the  nonlinear 
region  of  the  base  curve. 

b.  Overdriving  the  amplifier. 


EQUATION  SUMMARY 


Equation  Number 

Equation 

Section  Number 

(9.1) 

Vout  =  Vc 

9.1 
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(9.3) 

,  AV BE 
"e~  Me 

9.1 

(9.4) 

Mr 

9.1 

(9.5) 

II 

e3 

0Q_ 

9.1 

(9.6) 

A,  =  hfe  (for  the  transistor  only) 
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9.2 
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9.4 
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9.4 
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9.4 
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K 

9.4 

(9.12) 

Vin  =  hr'e 

9.4 

(9.13) 
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(9.14) 
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9.4 

(9.15) 
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9.4 
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9.4 
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rc  =  Rc  (open-load) 

9.5 

(9.19) 

Zin  =  R\  II  Rl  II  Zin(base) 

9.5 

(9.20) 

Zjn(base)  hfe^e 

9.5 
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9.5 
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Equation  Number 

Equation 

Section  Number 

(9.22) 

A-vT  —  (Avl)(Av2)(Av3)  •  •  • 

9.5 

(9.23) 

Air  =  (Aii)(Aa)(Aa)  •  ■  • 

9.5 

(9.24) 

ApT  =  (AV7 -)(A,t) 

9.5 

(9.25) 

rC 

Av  = - — 

K  +  rE 

9.6 

(9.26) 

^in(base)  e  ^e) 

9.6 

(9.27) 

hie  —  ~~  (output  shorted) 

lb 

9.7 

(9.28) 

ic 

hfe  =  —  (output  shorted) 

4 

9.7 

(9.29) 

ic 

hoe  —  —  (input  open) 

V ce 

9.7 

(9.30) 

hre  =  —  (input  open) 

Vce 

9.7 

(9.31) 

7  ~  h 

z-'m(base)  nie 

9.7 

(9.32) 

•t 

II 

trir 

9.7 

(9.33) 

hferc 

=  L 

hie 

9.7 

ac  beta  ((3ac  or  hfe)  321 
ac  emitter  resistance 
(r'e)  320 

ac  equivalent  circuit  323 
bypass  capacitor  325 
cascaded  323 
coupling  capacitor  323 
common-emitter 
amplifier  319 

current  gain  (A,)  333 
current  gain  ( hfe )  345 
gain-stabilized 
amplifier  340 
/z-parameters  345 
input  impedance  (hie)  345 
multistage  amplifier  323 
nonlinear  distortion  352 

output  admittance 
ihoe)  346 

power  gain  (Ap)  334 
reverse  voltage  feedback 
ratio  (hre)  346 
stage  323 

swamped  amplifier  340 
voltage  gain  (Av)  329 

Section  9.1 

1.  An  amplifier  has  an  emitter  current  of  12  mA.  Determine  the  value  of  r'  for  the  circuit. 

2.  An  amplifier  has  an  emitter  current  of  10  mA.  Determine  the  value  of  r'  for  the  circuit. 

3.  An  amplifier  has  values  of  VE  =  2.2  V  and  RE  =  910  O.  Determine  the  value  of 
r'e  for  the  circuit. 

4.  An  amplifier  has  values  of  VE  =  12  V  and  RE  =  4.7  kil.  Determine  the  value  of  r' 
for  the  circuit. 

5.  An  amplifier  has  values  of  VB  =  3.2  V  and  RE  =  1.2  kfi.  Determine  the  value  of 
r'e  for  the  circuit. 

6.  An  amplifier  has  values  of  VB  =  4.8  V  and  RE  =  3.9  kfi.  Determine  the  value  of  r' 
for  the  circuit. 

7.  Determine  the  value  of  r'e  for  the  circuit  shown  in  Figure  9.30. 

8.  Determine  the  value  of  r'e  for  the  circuit  shown  in  Figure  9.31. 
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+12  V 


+16  V 


° - ) 

o 

FIGURE  9.30  FIGURE  9.31 

Section  9.3 

9.  Derive  the  ac  equivalent  circuit  for  the  amplifier  shown  in  Figure  9.30.  Include 
all  component  values. 

10.  Derive  the  ac  equivalent  circuit  for  the  amplifier  shown  in  Figure  9.31.  Include  all 
component  values. 

11.  Derive  the  ac  equivalent  circuit  for  the  amplifier  shown  in  Figure  9.32.  Include 
all  component  values. 

12.  Derive  the  ac  equivalent  circuit  for  the  amplifier  shown  in  Figure  9.33.  Include  all 
component  values. 

+18 V  +9  V 


kft  0—— ) 

o 

FIGURE  9.32  FIGURE  9.33 

Section  9.4 

13.  An  amplifier  has  values  of  vin  =  120  mV  and  vout  =  4  V.  Determine  the  value  of 
Av  for  the  circuit. 

14.  An  amplifier  has  values  of  vin  =  82  mV  and  vout  =  6.4  V.  Determine  the  value  of  Av 
for  the  circuit. 

15.  An  amplifier  has  values  of  rc  =  2.2  kfl  and  r'  =  22.8  12.  Determine  the  value  of 
Av  for  the  circuit. 

16.  An  amplifier  has  values  of  rc  =  4.7  kll  and  r'  =  32  12.  Determine  the  value  of  Av 
for  the  circuit. 

17.  An  amplifier  has  values  of  rc  =  2.7  kll  and  IE  =  1  mA.  Determine  the  value  of 
Av  for  the  circuit. 

18.  An  amplifier  has  values  of  rc  =  3.3  kll  and  IE  =  2  mA.  Determine  the  value  of  Av 
for  the  circuit. 

19.  Determine  the  value  of  Av  for  the  amplifier  in  Figure  9.30. 
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20.  Determine  the  value  of  Av  for  the  amplifier  in  Figure  9.31. 

21.  Determine  the  value  of  Av  for  the  amplifier  in  Figure  9.32. 

22.  Determine  the  value  of  Av  for  the  amplifier  in  Figure  9.33. 

23.  The  amplifier  in  Figure  9.32  has  a  12  mV  input  signal.  Determine  the  value  of  vout 

for  the  circuit. 

24.  The  amplifier  in  Figure  9.31  has  a  22  mV  input  signal.  Determine  the  value  of  vout 
for  the  circuit. 

25.  Determine  the  value  of  Ap  for  the  circuit  shown  in  Figure  9.30.  Assume  that  the 
circuit  has  a  value  of  A,-  =14. 

26.  Determine  the  value  of  Ap  for  the  circuit  shown  in  Figure  9.31.  Assume  that  the 
circuit  has  a  value  of  A,  =  11. 

27.  Determine  the  value  of  Ap  for  the  circuit  shown  in  Figure  9.32.  Assume  that  the  circuit 
has  a  value  of  A,-  =  31. 

28.  Determine  the  value  of  Ap  for  the  circuit  shown  in  Figure  9.33.  Assume  that  the 
circuit  has  a  value  of  A,-  =  7.5. 

29.  An  amplifier  has  values  of  Av  =  110  and  A;  =  40.  Determine  the  values  of  Ap  and 
Pout  when  Pin  =  10  mW. 

30.  An  amplifier  has  values  of  Av  =  68.8  and  A;  =  1 .44.  Determine  the  values  of  Ap  and 
P out  when  Pin  =  240  mW. 

Section  9.5 

31.  Calculate  the  open-load  voltage  gain  for  the  circuit  shown  in  Figure  9.30. 

32.  Calculate  the  open-load  voltage  gain  for  the  circuit  shown  in  Figure  9.31. 

33.  Calculate  the  open-load  voltage  gain  for  the  circuit  shown  in  Figure  9.32. 

34.  Calculate  the  open-load  voltage  gain  for  the  circuit  shown  in  Figure  9.33. 

35.  Determine  the  values  of  Zin(base)  and  Zin  for  the  amplifier  in  Figure  9.30. 

36.  Determine  the  values  of  Zin(base)  and  Zin  for  the  amplifier  in  Figure  9.3 1 . 

37.  Determine  the  values  of  Zin(base)  and  Zin  for  the  amplifier  in  Figure  9.32. 

38.  Determine  the  values  of  Zin(base)  and  Zin  for  the  amplifier  in  Figure  9.33. 

39.  Determine  whether  the  assumed  value  of  A,  in  Problem  25  is  correct. 

40.  Determine  whether  the  assumed  value  of  A,  in  Problem  26  is  correct. 

41.  Determine  whether  the  assumed  value  of  A,  in  Problem  27  is  correct. 

42.  Determine  whether  the  assumed  value  of  A,  in  Problem  28  is  correct. 

43.  Determine  the  value  of  A,,  for  the  third  stage  of  the  amplifier  in  Figure  9.34. 

44.  Determine  the  value  of  A„  for  the  second  stage  of  the  amplifier  in  Figure  9.34. 

45.  Determine  the  value  of  A„  for  the  first  stage  of  the  amplifier  in  Figure  9.34. 


FIGURE  9.34 
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46.  A  two-stage  amplifier  has  values  of  Avl  =  23.8,  Av2  =  122,  An  -  24,  and  Aa  —  38 
Determine  the  values  of  AvT,  Air,  and  ApJ  for  the  circuit. 

47.  A  two-stage  amplifier  has  values  of  Avl  =  88.6,  Av2  =  90.3,  An  =  11,  and  Ai2  =  21 
Determine  the  values  of  AvT,  Air,  and  ApT  for  the  circuit. 

48.  A  two-stage  amplifier  has  values  of  Avl  =  24.8,  Av2  =  77.1,  A;1  =  30,  and  A,2  =  9 
Determine  the  values  of  AvT,  AiT,  and  ApT  for  the  circuit. 

49.  Determine  the  values  of  AvT,  AiT,  and  ApJ  for  the  amplifier  in  Figure  9.34. 

Section  9.6 

50.  Determine  the  value  of  Av  for  the  amplifier  in  Figure  9.35. 

51.  Determine  the  value  of  A„  for  the  amplifier  in  Figure  9.36. 

52.  Determine  the  value  of  Av  for  the  amplifier  in  Figure  9.37. 

53.  Determine  the  values  of  Zin(base)  and  Zin  for  the  amplifier  shown  in  Figure  9.35. 

54.  Determine  the  values  of  Zjn(base)  and  Zin  for  the  amplifier  shown  in  Figure  9.36. 


FIGURE  9.35  FIGURE  9.36 


+18  V 


FIGURE  9.37 
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Section  9.7 

55.  An  amplifier  has  values  of  hfe  =  100,  hie  =  5  kfl,  and  rc  =  3.8  kfl.  Determine  the 
values  of  Zin(base),  r'e,  and  Av  for  the  circuit. 

56.  An  amplifier  has  values  of  hfe  =  120,  hie  =  4  kfl,  and  rc  =  3.8  kfl.  Determine  the 
values  of  Zin(base),  r',  and  Av  for  the  circuit. 

57.  Refer  to  Figure  9.38.  The  transistor  described  is  used  in  an  amplifier  with  values  of 
ICq  =  1  mA  and  rc  =  2.48  kfl.  Determine  the  values  of  Zin(base)  and  Av  for  the  circuit. 


o.i 


0.2 


5.0 


0.1  0.2  0.5  1.0  2.0  5.0  10  20 

lc,  COLLECTOR  CURRENT  (mAdc)  /c,  COLLECTOR  CURRENT  (mAdc) 

FIGURE  9.38  2N2222  curves.  (Copyright  of  Semiconductor  Component  Industries,  LLC. 

Used  by  permission.) 


58.  Refer  to  Figure  9.38.  The  transistor  described  is  used  in  an  amplifier  with  values  of 
ICq  =  2  mA  and  rc~  1.18  kfl.  Determine  the  values  ofZin(base)  and  Av  for  the  circuit. 

59.  Refer  to  Figure  9.38.  The  transistor  described  is  used  in  an  amplifier  with  values  of 
Icq  =  5  mA  and  rc  =  878  fl.  Determine  the  values  of  Zin(base)  and  Av  for  the  circuit. 

60.  Refer  to  Figure  9.38.  The  transistor  described  is  used  in  an  amplifier  with  values  of 
ICq  =  10  mA  and  rc  =  1.05  kfl.  Determine  the  values  of  Zin(base)  and  Av  for  the  circuit. 


"  - -  TROUBLESHOOTING 

61.  In  Figure  9.39,  several  sets  of  waveforms  are  shown.  Each  row  represents  a  series  of  PRACTICE  PROBLEMS 
signal  checks  performed  on  the  circuit  shown  in  Figure  9.40.  For  each  set  of  wave¬ 
forms  shown,  answer  the  following  questions: 

a.  Do  the  waveforms  indicate  any  problem  in  the  circuit? 

b.  If  your  answer  to  part  (a)  is  yes,  where  do  you  think  the  problem  is  probably 
located?  (Simply  give  the  amplifier  stage  or  indicate  the  coupling  between  two 
specific  stages.) 

62.  (Review)  For  each  circuit  shown  in  Figure  9.41,  state  whether  a  problem  is  indicated 
by  the  dc  voltages  shown,  and  state  the  possible  cause(s)  of  the  problem,  if  any. 


— “ -  PUSHING  THE  ENVELOPE 

63.  Determine  the  values  of  Zin,  Av,  Ah  and  Ap  for  the  amplifier  shown  in  Figure  9.42. 

64.  The  load  resistor  in  Figure  9.42  opens.  What  is  the  resulting  change  in  the  peak-to- 
peak  output  voltage? 

65.  Determine  the  worst-case  values  of  Av  for  the  circuit  shown  in  Figure  9.43. 


'  -  SUGGESTED  COMPUTER 

66.  Write  a  program  to  determine  the  values  of  Av,  Zin(base),  and  Zin  for  a  voltage-divider  APPLICATIONS 
biased  common-emitter  amplifier  given  the  circuit  resistor  values,  the  load  resis-  PROBLEMS 
tance,  the  values  of  hie  and  hfe,  and  the  value  of  Vcc. 
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(a) 


h  PARAMETERS 
l/CE=10V,  f=  1  kc,  Ta  =  25“C 


(b) 

FIGURE  9.42  Operating  curves.  (Copyright  of  Semiconductor  Component  Industries, 
LLC.  Used  by  permission.) 


in  Figure  9.38. 

FIGURE  9.43 
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ANSWERS  TO  THE 
EXAMPLE  PRACTICE 
PROBLEMS 


67.  If  you  wanted  to  write  a  program  for  determining  the  input  impedance  and  gain  of  a 
swamped  amplifier,  what  input  information  would  the  user  have  to  provide? 

68.  Write  the  program  described  in  Problem  67. 


9.1  38.4611 

9.2  See  Figure  9.44. 


FIGURE  9.44 

9.3  118.33 

9.4  301 

9.5  81.5 

9.6  1.63  V 

9.7  97.8  mW 

9.8  59.1;  an  increase  of  13.8 

9.9  4.3  kO 

9.10  48.21 

9.11  57.98 

9.12  13.1  x  103 

9.13  3.7 

9.16  3.46  kll 

9.18  Zin  =  1.45  kH,  Av  =  236.9 

9.19  132.5 
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chapter 


Other  BJT  Amplifiers 


Objectives 

After  studying  the  material  in  this  chapter,  you  should  be  able  to: 

1.  Perform  a  complete  dc  analysis  of  an  emitter  follower. 

2.  Perform  a  complete  ac  analysis  of  an  emitter  follower. 

3.  Discuss  the  use  of  emitter-feedback  bias  and  decoupling  capacitors  in  emitter-follower 
circuits. 

4.  Describe  the  use  of  the  emitter  follower  as  a  current  amplifier  and  as  a  buffer. 

5.  Perform  a  complete  dc  analysis  of  a  Darlington  emitter-follower. 

6.  Perform  a  complete  ac  analysis  of  a  Darlington  emitter-follower. 

7 .  Perform  a  complete  ac  analysis  of  a  common-base  amplifier. 

8.  Describe  the  use  of  the  common-base  amplifier  as  a  voltage  amplifier  and  as  a  buffer. 

9.  List  the  overall  gain  and  impedance  characteristics  of  all  commonly  used 
BJT  amplifiers. 


Outline 

10.1  The  Emitter  Follower  (Common-Collector  Amplifier) 

10.2  Emitter  Follower  AC  Analysis 

10.3  Emitter  Followers:  Practical  Considerations,  Applications,  and  Troubleshooting 

10.4  The  Darlington  Emitter-Follower 

10.5  The  Common-Base  Amplifier 

10.6  Common-Base  Applications  and  Troubleshooting 
Chapter  Summary 


You  have  just  finished  a  chapter  that  focused  on  the  operat¬ 
ing  principles  of  common-emitter  (CE)  amplifiers.  Now  you 
are  starting  the  single  chapter  that  covers  the  two  other  types 
of  BJT  amplifiers:  the  common-base  (CB)  and  the  common- 
collector  (CC)  amplifiers.  At  this  point,  you  may  be  wonder¬ 
ing  why  we  spent  so  much  more  time  and  energy  on  CE 
amplifiers  than  we  are  on  the  other  two  types  combined. 

There  are  two  reasons  for  the  extended  coverage  of  the  CE 
amplifier.  First,  the  CE  amplifier  is  used  more  extensively 


than  either  CC  or  CB  amplifiers.  While  CB  and  CC  amplifiers 
are  used  in  a  variety  of  applications  and  systems,  they  are 
not  used  nearly  as  often  as  the  CE  amplifier.  Second,  many  of 
the  principles  covered  in  connection  with  the  CE  amplifier 
apply  to  the  CB  and  CC  amplifiers  as  well.  Since  these  princi¬ 
ples  were  covered  earlier,  they  need  to  be  only  briefly 
reviewed  in  this  chapter.  We  will  spend  most  of  our  time  in 
this  chapter  discussing  the  ways  in  which  CB  and  CC  ampli¬ 
fiers  differ  from  CE  amplifiers. 


Common-collector  amplifier 

A  BJT  amplifier  that  provides 
only  current  gain  and  power 
gain.  Also  called  an  emitter 
follower. 

Darlington  pair 

A  two-transistor  configuration 
used  to  provide  extremely  high 
current  gain  and  input 
impedance. 

Common-base  amplifier 

A  BJT  amplifier  that  provides 
only  voltage  gain  and  power 
gain. 


In  Chapter  9,  we  concentrated  on  the  common-emitter  amplifier.  Now  we  will  take  a  look 
at  the  common-collector  amplifier  and  the  common-base  amplifier.  We  will  also  discuss 
the  Darlington  pair,  a  two-transistor  configuration  commonly  used  in  common-emitter 
and  common-collector  circuits. 

The  common-collector  amplifier  is  used  primarily  to  provide  current  gain.  The  input  to 
this  circuit  is  applied  to  the  base,  and  the  output  is  taken  from  the  emitter.  The  voltage  gain 
of  the  common-collector  circuit  is  always  less  than  1,  and  the  output  voltage  is  in  phase 
with  the  input  voltage.  Since  the  output  signal  “follows”  the  input  signal,  the  common- 
collector  amplifier  is  commonly  referred  to  as  an  emitter  follower. 

The  Darlington  pair  consists  of  two  transistors  connected  so  they  provide  dc  and  ac  beta 
values  equal  to  the  product  of  the  individual  transistor  beta  values.  A  Darlington  pair  can  be 
used  in  any  amplifier  configuration.  It  is  used  most  often  in  emitter-follower  circuits. 

The  common-base  amplifier  is  used  to  provide  voltage  gain,  most  often  in  high- 
frequency  applications.  The  common-base  circuit  has  current  gain  that  is  always  less 
than  1  and  an  output  voltage  that  is  in  phase  with  the  input  voltage. 


10.1  The  Emitter  Follower  (Common-Collector  Amplifier) 


The  emitter  follower  is  a  current  amplifier  with  a  voltage  gain  that  is  less  than  1.  As 
shown  in  Figure  10.1,  the  input  is  applied  to  the  transistor  base,  and  the  load  is  connected 
to  the  transistor  emitter.  Note  that  the  circuit  does  not  contain  a  collector  resistor.  This  is  a 
circuit  recognition  feature  of  the  amplifier. 


OBJECTIVE  1  ► 


10.1.1  DC  Operation 


The  amplifier  in  Figure  10.1  is  voltage-divider  biased.  As  such,  the  base  voltage  is  found 
using 


(10.1) 
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Once  the  base  voltage  is  known,  the  emitter  voltage  is  found  as 


VE=VB-  0.7  V 

(10.2) 

and  the  emitter  current  is  found  as 

VE 

Lab  Reference:  These  dc  values 

lE~  R 

(10.3) 

are  calculated  and  measured  in 

■  Re 

Exercise  12. 

Now,  VCEQ  is  found  as 


Vqeq  —  Vcc  VE  (10.4) 

If  you  refer  to  Chapter  7,  you  will  see  that  the  first  three  formulas  are  identical  to  those 
we  used  for  the  analysis  of  common-emitter  bias  circuits.  Example  10.1  demonstrates  the 
dc  analysis  of  an  emitter  follower. 


EXAMPLE  10.1 


Determine  the  values  of  VB,  VE,  IE,  and  VCEQ  for  the  circuit  shown  in  Figure  10.2. 

+10  V 


FIGURE  10.2 


Solution :  The  base  voltage  is  found  as 


x,  Ri  20 kfl 

*-v*^-(I0V)«in-s.v 

The  emitter  voltage  is  then  found  as 

V£=  —  0.7  V  =  5  V  -  0.7  V  =  4.3  V 

Now,  IE  is  found  as 

VE  4.3  V 


h  = 


860  ptA 


Rb  5  kO 

And  VCeq  is  found  as 

VcEQ  =  Vcc  -  =  10  V  -  4.3  V  =  5.7  V 


Practice  Problem  10.1 

A  circuit  like  the  one  shown  in  Figure  10.2  has  the  following  values:  Vcc  =  +18  V, 
Re  =  910  0,  R1  =  16  kfl,  R2  =  22  kfl,  and  hFE  =  200.  Determine  the  values  of  VB, 
VE,  //.,  and  VCEQ  for  the  circuit. 
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10.1.2  The  DC  Load  Line 

As  with  the  common-emitter  circuit,  the  dc  load  line  of  the  emitter  follower  is  defined  by 
the  saturation  and  cutoff  characteristics  of  the  amplifier. 

When  the  transistor  is  saturated,  the  ideal  value  of  VCe  is  0  V.  Since  VE  =  Vcc,  the 
value  of  /C(sat)  is  found  as 

;«« |  H 

As  with  the  common-emitter  circuit,  the  total  applied  voltage  is  dropped  across  the  tran¬ 
sistor  when  it  is  in  cutoff.  Thus,  VC£(off)  is  found  as 


(10.6) 


These  two  equations  are  used  to  derive  the  dc  load  line  of  an  emitter-follower  amplifier, 
as  demonstrated  in  Example  10.2. 


EXAMPLE  10.2 _ _ 

Derive  and  draw  the  dc  load  line  for  the  circuit  shown  in  Figure  10.2. 
Solution:  The  value  of  /C(s at)  is  found  as 


cc 


lC(  sat) 


V< 

Re 


10V 

5kO 


=  2mA 


and  now  the  value  of  Va.:U)ff]  is  found  as 

^C£(off)  =  vcc  =  10  V 

Using  our  results,  the  dc  load  line  for  Figure  10.2  is  drawn  as  shown  in  Figure  10.3. 


Ic  (mA) 


FIGURE  10.3 

Practice  Problem  10.2 

Derive  and  draw  the  dc  load  line  for  the  emitter  follower  described  in  Practice 
Problem  10.1. 


That’s  all  there  is  to  the  dc  analysis  of  the  emitter  follower.  As  you  can  see,  this  analy¬ 
sis  is  nearly  identical  to  that  of  the  common-emitter  amplifier.  The  similarities  and  differ¬ 
ences  between  the  dc  characteristics  of  the  emitter  follower  and  the  common-emitter 
amplifier  are  illustrated  in  Figure  10.4. 
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Emitter  follower 


Emitter  Followers  vs.  CE  Amplifiers 

vcc  gpoint  relationships 

<? 

s  $gsni&3 «  issis » 


K 


mm  iWBi  WmsU  m  m  a  7  * 

VB*VCC^ 

V£=Vb-0.7V 


■Rz 


iCQm  k~y^s 

»'ceo  =  ^cc-  Ve 

i  ' 


Common-emitter  amplifier 


,  IT  ■  •  3 1 
m  « 


IliSlllilli 


liiliill 


■K — i 


■fk 


VgmVcc 


Ven  Vs  -  0.7  V 

R*'l,y  l/_ 

i _ '  '  ■lP°m,*mit 


_  ^<3 B  ^cc-  l<x>(Rc+  Re) 

v‘  :■■■  ■  ■  .  :  ; 

- 

±zr  — 

- 


II 


m& 


— — - — - ■ - 

Notes:  1.  Voltage  divider  biasing  fe  shown  here.  Other basing  circuits 

2,  The  Ueequations  assume  that  hFERE>1QRz.  When  this 
condition  Is  not  fulfilled,  %  is  replaced  with  REQ  =  R2lhFERB 


FIGURE  10.4 


1.  What  is  an  emitter  follower? 

2.  What  are  the  circuit  recognition  features  of  the  emitter  follower? 

3.  List,  in  order,  the  steps  involved  in  the  dc  analysis  of  an  emitter  follower. 

4.  How  do  you  determine  the  end  points  of  the  emitter-follower  dc  load  line? 

5.  What  is  the  relationship  between  the  values  of  VCE  and  VE  when  an  emitter  follower 
is  midpoint  biased? 

6.  Some  emitter  followers  contain  a  collector  resistor  ( Rc )  in  parallel  with  a  bypass 
capacitor  (to  establish  an  ac  ground  at  the  collector  of  the  transistor).  Identify  any 
emitter-follower  equations  in  Figure  10.4  that  must  be  modified  for  this  circuit,  and 
show  the  modifications. 


◄  Section  Review 


◄  Critical  Thinking 
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10.2  Emitter  Follower  AC  Analysis 


OBJECTIVE  2  ►  Figure  10.5a  shows  a  typical  emitter  follower.  The  key  to  the  ac  operation  of  the  circuit 
lies  in  the  fact  that  the  load  is  capacitively  coupled  to  the  emitter.  As  a  result,  the  ampli¬ 
fier  has  the  ac  equivalent  shown  in  Figure  10.5b.  Note  that  the  resistor  in  the  emitter 
circuit  (rE)  represents  the  ac  resistance  in  the  emitter  circuit.  This  resistance  is  found  as 


(a)  The  original  circuit  (b)  The  ac  equivalents  of  the  transistor  and  amplifier 


(c)  The  amplifier  input  and  output  signals 
FIGURE  10.5  A  typical  emitter  follower  and  its  ac  equivalents. 


Lab  Reference:  The  gain 
characteristics  of  the  emitter 
follower  are  demonstrated  in 
Exercise  12.  _ 


The  low  voltage  gain  of  the  emitter  follower  is  a  result  of  the  voltage  divider  in  the 
output  (emitter)  circuit.  Figure  10.5c  shows  the  amplifier  ac  equivalent  circuit  with  an 
input  signal  applied.  Ignoring  the  effects  of  the  base-emitter  diode,  the  input  signal  is 
applied  across  the  series  combination  of  r'e  and  rE,  which  form  a  voltage  divider.  Using 
the  voltage-divider  equation, 
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Finally,  since 


we  can  calculate  the  voltage  gain  of  the  circuit  as 


Av 


rF. 

r'e  +  rE 


(10.8) 


In  most  practical  applications,  rE  r'e.  When  this  is  the  case,  the  following  approxima¬ 
tion  can  be  used  for  voltage  gain: 

Av  as  1  (when  rE  1S>  r' )  (10.9) 

The  greater  the  difference  between  rE  and  r'e,  the  closer  the  amplifier  voltage  gain  comes 
to  1.  In  practice,  the  voltage  gain  of  the  emitter  follower  is  usually  between  0.8  and  0.999. 
This  is  illustrated  in  Example  10.3. 


EXAMPLE  10.3 _ 

Determine  the  value  of  Av  for  the  circuit  shown  in  Figure  10.5a. 
Solution:  First,  the  value  of  rE  is  found  as 


rE  =  RE\\RL  =  2  kft  ||  5  kft  =  1.43  kft 


We  do  not  know  the  A-parameter  values  for  the  transistor,  so  we  need  to  approxi¬ 
mate  the  value  of  r’e  using 


1111111 

K  = 


25  mV 


Using  the  established  procedure,  the  value  of  IE  for  the  circuit  is  found  to  be 
approximately  3. 1  mA,  and  the  value  of  r'e  is  found  as 


25  mV  25  mV 

r'-^r-3i^v-8jn 

Using  the  value  of  r'  and  the  value  of  rE,  the  voltage  gain  of  the  amplifier  is  found  as 

rE  1.43  kft 


A, 


r'e  +  rE  8.1  ft +  1.43  kft 


0.9944 


Practice  Problem  10.3 

Assume  that  the  amplifier  described  in  Practice  Problem  10.1  has  a  4  kft  load. 
Determine  the  value  of  Av  for  the  circuit. 


10.2.1  Current  Gain 


In  Chapter  9,  you  were  shown  that  the  current  gain  of  a  common-emitter  amplifier  (A,)  is 
significantly  lower  than  the  current  gain  of  the  transistor  (hfe).  This  relationship  is  due  to 
the  current  divisions  that  occur  in  both  the  input  and  output  circuits.  The  same  principle 
holds  true  for  the  emitter  follower.  The  current  gain  of  an  emitter  follower  is  found  as 


(10.10) 


Since  hft  is  normally  much 
greater  than  l.»c  normally 


A  Practical  Consideration: 

If  you  look  in  Appendix  C, 
you’ll  see  that  the  exact 
equation  for  the  value  of  hrc  is 
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where  hfc  =  hfe.  Note  that  the  subscript  c  indicates  that  the  parameter  applies  to  an  emit¬ 
ter-follower  (common-collector)  amplifier  rather  than  to  a  common-emitter  amplifier. 
Although  there  is  a  more  exact  ^-parameter  derivation  for  hfc,  using  hfc  =  hfe  in  equation 
(10.10)  will  provide  accurate  results. 


10.2.2  Power  Gain 

As  with  the  common-emitter  amplifier,  the  power  gain  ( Ap )  of  an  emitter  follower  is 
found  as  the  product  of  current  gain  (A,)  and  voltage  gain  (Av).  By  formula, 

Ap  -  A,AV  (10.11) 

Since  the  value  of  Av  is  always  slightly  less  than  1,  the  power  gain  (Ap)  of  an  emitter 
follower  is  always  slightly  less  than  the  current  gain  (A,)  of  the  circuit.  This  point  is 
illustrated  in  Example  10.4. 


EXAMPLE  10.4 _ 

The  amplifier  shown  in  Figure  10.5  (Example  10.3)  has  a  value  of  A,  =  2.7.  Deter¬ 
mine  the  power  gain  (. Ap )  of  the  amplifier. 

Solution:  In  Example  10.3,  we  determined  the  voltage  gain  (Av)  of  the  amplifier 
to  be  0.9944.  With  a  current  gain  of  A,  =  2.7,  the  power  gain  of  the  circuit  is 
found  as 


Ap  =  A,AV.  =  (2.7X0.9944)  =  2.68 

As  you  can  see,  the  value  of  Ap  for  the  emitter  follower  is  slightly  less  than  the 
value  of  current  gain.  A,. 

Practice  Problem  10.4 

The  amplifier  described  in  Practice  Problem  10.1  has  a  4  k Cl  load  and  a  current 
gain  of  A,  =  24.  Determine  the  power  gain  of  the  amplifier. 


10.2.3  Input  Impedance  (Zin) 


Lab  Reference:  The  input 
impedance  of  an  emitter  follower  is 
measured  in  Exercise  12. 


As  with  the  common-emitter  amplifier,  the  input  impedance  of  the  emitter  follower  is 
found  as  the  parallel  combination  of  the  base  resistors  and  the  transistor  input  impedance. 
By  formula, 


II  (10-12) 

The  base  input  impedance  is  equal  to  the  product  of  the  device  current  gain  and  the 
total  ac  emitter  resistance.  By  formula. 


^ln(t)ase>  (A  0-.) 


(10.13) 


where  hfc  =  the  transistor  current  gain 

r'e  =  the  ac  resistance  of  the  transistor  emitter 
rE  =  the  parallel  combination  of  R,:  and  RL 

Example  10.5  illustrates  the  procedure  used  to  determine  the  input  impedance  of  an  emit¬ 
ter  follower. 
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EXAMPLE  10.5 


Determine  the  input  impedance  of  the  amplifier  shown  in  Figure  10.5a.  Assume 
that  the  value  of  hfe  for  the  transistor  is  listed  on  the  spec  sheet  as  220. 

Solution:  In  Example  10.3,  we  calculated  values  of  rE  =  1.43  kfl  and  r'e  =  8. 1  Cl. 
Assuming  that  hfc  is  approximately  equal  to  hfe,  the  impedance  of  the  transistor  is 
found  as 

Zin(base)  —  hfc{r’e  +  rE)  =  (220X8.1  Cl  +  1.43  kft)  =  316.4  kft 
Now,  the  input  impedance  of  the  amplifier  is  found  as 

zln  =  /?,  II  R2  ||  Zin(base)  -  25  k Cl  II  33  kfl  ||  316.4  kfl  =  13.6  kfl 


Practice  Problem  10.5 

The  amplifier  described  in  Practice  Problem  10.1  has  a  current  gain  of  hfe  =  240 
and  a  load  resistance  of  RL  =  2  kfl.  Determine  the  input  impedance  of  the  circuit. 


When  the  value  of  rE  is  much  greater  than  r'e  (as  was  the  case  in  Example  10.5),  equa¬ 
tion  (10.13)  can  be  simplified  as  follows: 


(when  rE  »  /•') 


(10.14) 


The  validity  of  this  approximation  can  be  seen  by  recalculating  the  values  of  Zin(base)  and 
Zin  for  the  circuit  in  Figure  10.5a.  If  you  ignore  the  value  of  r’e  in  the  calculations,  you 
end  up  with  the  same  value  of  Zin  that  was  found  in  Example  10.5. 


10.2.4  Output  Impedance  (Zout) 

As  you  may  recall,  output  impedance  is  the  impedance  that  a  circuit  presents  to  its  load. 
When  a  load  is  connected  to  a  circuit,  the  output  impedance  of  the  circuit  acts  as  the 
source  impedance  for  that  load. 

The  output  impedance  of  an  emitter  follower  is  found  as 


(10.15) 


Output  impedance 

The  impedance  that  a  circuit 
presents  to  its  load.  The  output 
impedance  of  a  circuit  is 
effectively  the  source 
impedance  for  its  load. 


where  Zout  =  the  output  impedance  of  the  amplifier 

R'm  =  Ri  II  Ri  II  Rs 

Rs  =  the  output  resistance  of  the  input  voltage  source 
Equation  (10. 15)  is  derived  in  Appendix  D.  Its  use  is  demonstrated  in  Example  10.6. 


EXAMPLE  10.6 


Determine  the  output  impedance  (Zout)  of  the  amplifier  shown  in  Figure  10.6. 
Solution:  Using  the  6-parameter  method  of  analysis,  the  value  of  r'e  is  found  as 


!•«  =  —  = 


4  kfl 


hfc  200 


=  20  ft 
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FIGURE  10.6 


The  value  of  R[„  is  now  found  as 

R'in  =  Ri  II R?  II  Rs  =  3  kO  II  4.7  kll  II  600  a  =  452  a 


Finally,  the  output  impedance  of  the  amplifier  is  found  as 

Zout  =  Re  II  [r'e  +  y)  =  390  ft  ||  (^20  ft  +  =  390  ft  ||  22.26  ft  =  21.06  ft 

Practice  Problem  10.6 

An  emitter  follower  has  the  following  values:  Vcc  =  +12  V,  RE  =  200  ft,  /?,  = 
2.5  kft,  R2  =  3.3  kO,  Rs  =  500  ft,  hFC  =  180,  hfc  =  200,  and  hic  =  3  k ft.  Deter¬ 
mine  the  value  of  Zou,  for  the  amplifier. 


Calculating  the  output  impedance  of  an  amplifier  is  not  an  everyday  practice  for  work¬ 
ing  technicians.  However,  when  we  discuss  the  emitter  follower  as  a  buffer  in  the  next 
section,  you  will  see  that  being  able  to  determine  the  output  impedance  of  an  emitter  fol¬ 
lower  provides  us  with  a  useful  circuit  analysis  tool. 

10.2.5  Putting  It  All  Together 

The  ac  analysis  of  an  emitter  follower  typically  involves  determining  the  values  of  A„  Av, 
Ap,  and  Zin  for  the  circuit.  Assuming  that  //-parameters  for  the  transistor  are  available,  the 
current,  voltage,  and  power  gain  values  are  found  as 


and  the  input  impedance  is  found  as 


Zin  -  R\  II  Rl  II  Zin(base) 


where 


Zi 


in(base) 


hfc(r'c  +  rE) 
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The  value  of  Zin(base)  for  an  emitter  follower  is  typically  higher  than  that  of  a  compara¬ 
ble  common-emitter  amplifier.  Because  of  this,  the  value  of  Zin  is  typically  higher  for  an 
emitter  follower  than  for  a  comparable  common-emitter  amplifier. 

The  voltage  gain  (Av)  of  an  emitter  follower  is  always  less  than  1 .  If  you  have  trouble 
seeing  this  in  the  A„  equation  for  the  circuit,  consider  this:  The  emitter  voltage  of  a  tran¬ 
sistor  must  always  be  slightly  less  than  the  base  voltage  for  the  transistor  to  be  biased 
properly.  Since  VE  is  always  slightly  less  than  VB,  it  would  make  sense  that  any  ac  emitter 
voltage  would  have  to  be  slightly  less  than  any  ac  base  voltage. 

The  output  impedance  of  an  emitter  follower  is  considered  only  when  the  circuit  is  used 
as  a  buffer.  When  the  circuit  is  used  as  a  buffer,  you  need  to  be  able  to  calculate  the  value 
of  Zout  for  the  amplifier.  In  any  other  application,  this  calculation  usually  isn’t  necessary. 


1.  What  is  the  limit  on  the  value  of  voltage  gain  (Av)  for  an  emitter  follower?  <  Section  Review 

2.  List,  in  order,  the  steps  that  you  would  take  to  determine  the  value  of  Av  for  an  emit¬ 
ter  follower. 

3.  How  is  the  value  of  current  gain  (A,)  for  an  emitter  follower  determined? 

4.  What  is  the  limit  on  the  value  of  power  gain  ( Ap )  for  an  emitter  follower? 

5.  What  effect  does  loading  have  on  the  voltage  gain  of  an  emitter  follower? 

6.  List,  in  order,  the  steps  you  would  take  to  determine  the  value  of  loaded  voltage  gain 
(A  VJ  for  an  emitter  follower. 

7.  List,  in  order,  the  steps  you  would  take  to  determine  the  value  of  amplifier  input 
impedance  (Zjn)  for  an  emitter  follower. 

8.  What  is  output  impedance  (Zout)? 

9.  List,  in  order,  the  steps  you  would  take  to  determine  the  value  of  Zou,  for  an  emitter 
follower. 

10.  Describe  the  procedure  used  to  perform  a  complete  ac  analysis  of  an  emitter 
follower. 

11.  When  is  the  value  of  Zout  for  an  emitter  follower  an  important  consideration? 


10.3  Emitter  Followers:  Practical  Considerations, 
Applications,  and  Troubleshooting 


Two  practical  considerations  have  been  ignored  up  to  this  point:  the  use  of  emitter- 
feedback  bias  and  the  need  for  a  decoupling  capacitor.  These  practical  considerations 
will  be  discussed  in  detail  in  this  section.  We  will  also  discuss  two  common  applications 
for  the  emitter  follower:  as  a  current  amplifier  and  as  a  buffer.  Finally,  we  will  take  a  brief 
look  at  emitter-follower  troubleshooting. 

10.3.1  Using  Emitter-Feedback  Bias  to  Increase 
Amplifier  Input  Impedance 

In  many  applications,  high  input  impedance  is  considered  to  be  a  desirable  emitter-  ◄  OBJECTIVE  3 
follower  characteristic.  (One  such  application  is  discussed  later  in  this  section.)  The  high¬ 
est  input  impedance  for  a  given  emitter  follower  can  be  obtained  using  emitter-feedback 
bias.  An  emitter  follower  with  emitter-feedback  bias  is  shown  in  Figure  10.7a.  A  compa¬ 
rable  voltage-divider  biased  circuit  is  shown  in  Figure  10.7b. 

The  emitter-feedback  biased  amplifier  in  Figure  10.7a  has  higher  input  impedance 
than  its  voltage-divider  bias  counterpart.  This  point  is  easy  to  understand  when  you  con¬ 
sider  the  Zin  equations  for  the  two  circuits.  As  you  learned  in  Chapter  9,  the  input  imped¬ 
ance  of  a  voltage-divider  biased  amplifier  is  found  as 

Zin  ~~  ^1  1  -^2  |l  Z[n(base) 


Why  is  Zjn  higher  when 
emitter-feedback,  bias  is  usqd? 
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+20  V  +20  V 


FIGURE  10.7 


(a) 


(b) 


Since  the  emitter-feedback  biased  amplifier  has  only  one  base  resistor,  its  input  imped¬ 
ance  is  found  as 


Z)n  ~  11  2nj(ba*e)  (10-16) 

As  you  know,  the  total  resistance  in  a  parallel  circuit  will  be  less  than  the  lowest  individ¬ 
ual  resistance  value.  Since  /?]  in  Figure  10.7b  is  much  lower  than  in  Figure  10.7a,  it 
would  make  sense  that  the  value  of  Zin  for  the  voltage-divider  bias  circuit  would  have  to 
be  lower  than  the  value  of  Zin  for  the  emitter-feedback  bias  circuit.  This  point  is  illustrated 
further  in  Example  10.7. 


I  The  values  of  hic  and  hfc  shown 
in  Figure  10.7  were  determined 
[  using  the  2N4123  | 


EXAMPLE  10.7 


The  amplifiers  in  Figure  10.7  are  designed  to  have  nearly  identical  output  charac¬ 
teristics  using  identical  transistors  with  the  specifications  shown.  Determine  the 
input  impedance  values  for  the  two  circuits. 

Solution:  Since  the  circuits  are  using  identical  transistors,  emitter  resistance  values, 
and  load  resistance  values,  the  value  of  Zin(base)  will  be  the  same  for  the  two  circuits. 
This  value  of  Zin(base)  is  found  using  the  following  series  of  calculations: 


and 


Zto(base)  =  hfc(r’e  +  rE)  =  (150)(4.3  fi  +  1.6  kfi)  =  240.6  kfi 
For  the  emitter-feedback  bias  circuit,  the  value  of  Zin  is  found  as 

Ztn  =  Ri  1  Zinfbascl  =  360  kfi  |  240.6  kfi  -  144.2  kfi 
For  the  voltage-divider  biased  circuit,  the  value  of  Zin  is  found  as 

Zin  =  Rl  II  R2  II  ^-in(base)  «  30  kO  ||  39  kft  ||  240.6  kfi  =  15.84  kfi 
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Practice  Problem  10.7 

Two  transistors  similar  to  those  in  Figure  10.7  have  values  of  hFC  =  160,  hjc  =  120, 
and  hic  =  540  ft.  Both  circuits  have  values  of  RE  =  1.5  kft  and  RL  =  2.7  kft.  In  the 
emitter-bias  circuit,  Ri  =  300  kft,  and  in  the  voltage-divider  circuit,  R,  =  6.2  kft 
and  R2  =  9. 1  kft.  Calculate  and  compare  the  input  impedance  values  for  the  two 
circuits. 


As  you  can  see,  the  input  impedance  of  an  emitter-feedback  biased  circuit  is  much 
greater  than  that  of  a  comparable  voltage-divider  biased  circuit.  Most  emitter-follower 
applications  require  the  highest  possible  amplifier  input  impedance,  which  is  why  emitter- 
feedback  bias  is  commonly  used  to  bias  emitter  followers. 


10.3.2  Decoupling  Capacitors 

A  problem  can  occur  as  a  result  of  the  normal  operation  of  an  emitter  follower.  This  prob¬ 
lem  can  be  seen  in  the  oscilloscope  display  illustrated  in  Figure  10.8.  The  upper  trace  in 
Figure  10.8  is  the  input  signal  to  an  emitter  follower.  As  you  can  see,  the  negative  alterna¬ 
tion  of  the  output  waveform  (lower  trace)  is  very  distorted.  The  cause  of  this  distortion 
can  be  explained  with  the  help  of  Figure  10.9. 


FIGURE  10.8  Emitter-follower  output 
distortion. 


FIGURE  10.9  Power  supply  connection. 


In  Figure  10.9,  Vcc  is  represented  as  a  simple  battery  with  some  value  of  internal 
resistance  (Rml).  The  dc  power  supply  is  part  of  a  loop  that  also  contains  RE,  Q1  >  Cc2. 
and  Rl. 

If  the  value  of  RL  is  low  enough,  the  capacitor  may  try  to  charge  and  discharge  when 
an  ac  signal  is  applied  to  the  circuit.  As  the  capacitor  charges  and  discharges  through  the 
dc  power  supply,  the  value  of  VCc  actually  varies  slightly,  as  shown  in  the  following 
equation: 


AV  -  (A I){Rmt) 


where  AV  =  the  change  in  Vcc 

A /  =  the  change  in  loop  current  caused  by  the  capacitor  charge/discharge  action 
Rint  =  the  internal  resistance  of  the  power  supply 


Thus,  the  charge/discharge  action  of  the  capacitor  will  cause  a  change  in  the  value  of  kcc> 
resulting  in  the  output  waveform  distortion  shown  in  Figure  10.8. 

There  are  two  ways  to  prevent  the  output  distortion  shown  in  Figure  10.8.  The  first  is 
to  use  a  regulated  dc  power  supply.  A  regulated  dc  power  supply  is  one  that  has 
extremely  low  internal  resistance,  typically  less  than  10  ft.  When  a  regulated  dc  power 
supply  is  used,  the  value  of  AV  will  be  extremely  low.  In  most  cases,  it  will  be  too  low  to 
see  in  an  oscilloscope  display. 


Regulated  dc  power  supply 

A  dc  power  supply  with 
extremely  low  internal 
resistance. 
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A  more  practical  solution  to  the  problem  is  to  use  a  decoupling  capacitor.  An  emitter 
follower  with  a  decoupling  capacitor  (CD)  is  shown  in  Figure  10.10. 


FIGURE  10.10  Decoupling  capacitor. 


The  decoupling  capacitor  is  connected  between  Vcc  and  ground  and,  thus,  is  in  paral¬ 
lel  with  the  dc  power  supply.  When  Cc2  tries  to  charge  or  discharge  through  the  dc  power 
supply,  the  change  in  current  (A/)  is  shorted  around  the  supply  by  CD.  Thus,  Vcc  does  not 
change,  and  the  distortion  shown  in  Figure  10.8  is  eliminated. 

For  CD  to  be  effective,  its  value  must  be  extremely  small.  Typically,  CD  should  be 
0.01  p,F  or  lower  in  value. 


10.3.3  Emitter-Follower  Applications 


OBJECTIVE  4  ► 


The  emitter  follower  is  used  when  you  need  current  gain  without  voltage  gain.  There  are 
many  instances  (especially  in  digital  electronics)  when  an  increase  in  current  is  required 
but  an  increase  in  voltage  is  not.  Because  the  emitter  follower  ideally  has  a  voltage  gain 
of  1  and  relatively  high  current  gain,  it  is  typically  used  in  these  applications. 

Consider  the  circuit  shown  in  Figure  10.1 1.  The  first  stage  of  the  amplifier  has  specific 
values  of  A,  and  A„.  What  if  Av  is  high  enough  to  provide  the  final  required  output  voltage 
but  A,  is  not?  The  emitter  follower  can  be  used  to  provide  the  additional  current  gain 
without  increasing  Av  beyond  its  desired  value. 


FIGURE  10.11 
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Emitter  followers  are  also  commonly  used  as  buffers.  A  buffer  is  a  circuit  used  to 
compensate  for  an  impedance  mismatch  between  a  source  and  its  load.  For  example,  an 
emitter  follower  is  typically  used  to  couple  a  high-impedance  source  to  a  low-impedance 
load.  By  design,  a  buffer  used  for  this  purpose  has  the  following  characteristics: 

1.  Input  impedance  that  is  much  greater  than  its  source  resistance. 

2.  Output  impedance  that  is  much  lower  than  its  load  resistance. 


Buffer 

A  circuit  used  to  compensate 
for  an  impedance  mismatch 
between  a  source  and  its  load. 


The  goal  in  using  the  buffer  is  to  reduce  the  loading  effect  of  a  load  on  its  source.  For 
example,  consider  the  source  and  load  shown  in  Figure  10.12a.  When  the  load  is  con¬ 
nected  directly  to  the  source,  the  load  voltage  is  found  as 


VL  =  vs 


Rl 


Rs  +  Rl 


=  (12  V) 


1  kil 


10  kO  +  1  k  ft 


=  1.09  V 


In  this  case,  nearly  all  the  source  voltage  is  being  dropped  across  the  source  resistance, 
which  is  unacceptable.  However,  if  we  place  a  buffer  between  the  source  and  RL  (as 
shown  in  Figure  10.12b),  the  reduction  in  source  voltage  can  be  nearly  eliminated. 

The  buffer  in  Figure  10.12b  has: 

1.  A  value  of  Zin  that  is  much  greater  than  the  source  resistance  (Rs). 

2.  A  value  of  Zout  that  is  much  lower  than  the  load  resistance  (RL). 

3.  A  voltage  gain  that  is  very  nearly  equal  to  1 . 


Source 


Load 


Source 


Buffer 


Load 


FIGURE  10.12  Using  a  buffer  to  overcome  an  impedance  mismatch. 


With  the  circuit  connected  as  shown,  the  input  voltage  to  the  buffer  is  found  as 


Zit 


Hn  =  VS 


RS  +  Zin 


(12  V)  — 


180  kfl 


10  kO  +  180  kfl 


11.37  V 


Using  the  value  of  Av  shown  in  the  figure,  the  value  of  vout  is  found  as 
Vnut  =  AvviD  =  (0.98X11.37  V)  =  11.14  V 
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And,  finally,  the  value  of  the  load  voltage  is  found  as 


Lab  Reference:  Several  emitter 
follower  faults  are  simulated  in 
Exercise  12. 


Section  Review  ► 


R, 


Zout  +  Rl. 


(11.14  V) 


i  ka 


20  a  +  1  kO 


=  10.92  V 


As  you  can  see,  the  buffer  has  increased  the  load  voltage  from  1.09  to  10.92  V.  In  effect, 
it  has  provided  a  means  of  successfully  connecting  a  low-impedance  load  to  a  high- 
impedance  source. 

The  specific  purpose  served  by  a  given  emitter  follower  depends  on  the  circuit  in 
which  it  is  used.  However,  you  will  find  that  it  is  always  used  for  one  of  the  two  purposes 
mentioned  in  this  section:  providing  current  gain  and/or  acting  as  a  buffer  between  a 
high-impedance  source  and  a  low-impedance  load. 


10.3.4  Troubleshooting 

Troubleshooting  an  emitter  follower  is  very  similar  to  troubleshooting  a  common-emitter 
amplifier.  However,  there  is  one  important  difference  that  you  must  keep  in  mind:  The 
emitter  follower  does  not  provide  voltage  gain. 

When  you  troubleshoot  a  common-emitter  amplifier,  you  expect  to  see  a  much  higher 
output  voltage  than  input  voltage.  This  is  because  the  common-emitter  amplifier  has  a  rel¬ 
atively  high  amount  of  voltage  gain.  If  you  checked  out  a  common-emitter  circuit  and 
saw  that  its  ac  output  voltage  and  ac  input  voltage  were  equal,  you  would  have  good  rea¬ 
son  to  believe  that  the  circuit  was  faulty.  However,  for  the  emitter  follower,  this  condition 
is  normal.  In  fact,  the  output  voltage  will  always  be  slightly  less  than  the  input  voltage  for 
the  emitter  follower. 

When  any  component  in  an  emitter  follower  goes  bad,  you  will  generally  have  one  of 
two  conditions:  The  transistor  will  saturate,  or  it  will  cut  off.  When  VE  is  very  nearly 
equal  to  Vcc  or  ground,  there  is  reason  to  believe  that  the  emitter  follower  is  faulty.  The 
emitter  voltage  ( VE )  will  be  close  to  Vcc  only  if  the  transistor  is  saturated.  In  this  case, 
check  to  see  if  R2  (base  circuit)  is  open.  If  the  output  is  close  to  ground,  the  transistor  is  in 
cutoff.  In  this  case,  check  Rx  (base  circuit)  to  see  if  it  is  open.  If  Rx  is  good,  replace  the 
transistor. 

If  no  ac  signal  appears  at  the  output  (emitter  terminal)  and  VE  is  at  some  value  between 
ground  and  Vcc,  check  the  input  signal  to  the  base.  If  a  signal  is  there,  the  transistor  is 
probably  faulty  and  should  be  replaced. 


10.3.5  Summary 

The  primary  characteristics  of  the  emitter  follower  (common  collector)  are  as  follows: 

1.  Low  voltage  gain  (less  than  1). 

2.  Relatively  high  current  gain. 

3.  Power  gain  ( Ap )  that  is  slightly  lower  than  current  gain  (A,). 

4.  High  input  impedance  and  low  output  impedance. 

5.  Input  and  output  signal  voltages  that  are  in  phase. 


1.  Why  is  emitter-feedback  bias  commonly  used  in  emitter  followers? 

2.  List,  in  order,  the  steps  you  would  take  to  determine  the  value  of  amplifier  input 
impedance  for  an  emitter  follower  with  emitter-feedback  bias. 

3.  What  problem  is  solved  by  the  use  of  a  decoupling  capacitor? 

4.  Describe  the  two  common  applications  of  the  emitter  follower. 

5.  What  is  the  purpose  of  a  buffer ? 

6.  What  must  be  kept  in  mind  when  troubleshooting  an  emitter  follower? 
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10.4  The  Darlington  Emitter-Follower 


A  Darlington  emitter-follower  uses  a  special  two-transistor  configuration  to  provide 
higher  current  gain  (A,)  and  input  impedance  (Zin)  than  can  be  obtained  using  a  single 
transistor.  The  two  transistors  are  wired  in  a  specific  configuration,  referred  to  as  a  Dar¬ 
lington  pair.  As  shown  in  Figure  10.13,  the  emitter  of  the  first  transistor  is  tied  to  the  base 
of  the  second,  and  the  collectors  of  the  two  transistors  are  tied  together.  When  wired  in 
this  fashion,  the  Darlington  pair  effectively  has  a  single  base  lead,  a  single  emitter  lead, 
and  a  single  collector  lead.  A  Darlington  emitter-follower  is  shown  in  Figure  10.14.  Note 
the  directions  of  the  currents  through  the  circuit. 


Darlington  emitter-follower 

An  emitter  follower  that  uses 
a  specific  two-transistor 
configuration  to  provide  higher 
values  of  current  gain  and  input 
impedance  than  can  be  obtained 
using  a  single  transistor. 


Collector 


Vcc 


FIGURE  10.14  A  Darlington  emitter-follower. 


10.4.1  DC  Analysis 

The  circuit  shown  in  Figure  10.14  consists  of  two  transistors,  each  with  a  base-to-emitter  ◄  OBJECTIVE  5 
voltage  (VBE).  Thus,  IE2  is  found  by  subtracting  2VBE  from  the  voltage  at  the  base  of 
Q\(VB\)  and  dividing  the  difference  by  R,,.  By  formula, 


‘El 


fit 


2Vbe 


Rf 


(10.17) 


Since  transistor  emitter  and  collector  currents  are  approximately  equal  in  value,  base  cur¬ 
rent  can  be  approximated  using 


For  the  circuit  shown  in  Figure  10.14,  the  above  relationship  can  be  used  to  determine  the 
value  of  Q2  base  current  (IB2)  as  follows: 


'£2 


mat 


(10.18) 
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As  shown  in  Figure  10.14,  the  emitter  of  g,  is  tied  directly  to  the  base  of  g2.  Therefore, 
I  fa  =  Ib2<  and 


(10.19) 


You  may  recall  that  the  dc  input  resistance  of  a  transistor  is  found  as 

Rm  =  hfCRE 

For  the  input  transistor,  the  emitter  resistance  is  the  input  resistance  of  the  second  transis¬ 
tor.  By  formula. 


^ini  —  ^FciRim 


and  since  R1N2  =  hFC2RE,  the  equation  above  becomes 

^ini  =  hFC]hFcrlRE 


(10.20) 


As  Example  10.8  illustrates,  the  Darlington  pair  has  a  much  higher  input  resistance  than 
the  typical  transistor  configuration.  The  base  input  resistance  can  easily  be  in  the  megohm 
range. 

EXAMPLE  10.8 _ 

Determine  the  input  resistance  to  the  Darlington  pair  shown  in  Figure  10.15.  The 
2N3904  spec  sheet  is  shown  in  Figure  7.17. 


Hi 

_L 


•120  kii 


:*2 

■  120  kfi 


2N3904 


2N3904 


•3.3  kO  >  L 


FIGURE  10.15 


Solution:  First,  the  voltage  at  the  base  of  g,  is  found  as 


VB  =  Vcc 


R]  +  R2 


120  kfl 
'  240  kfl 


Now,  the  value  of  IE  is  found  as 


,4  V 

E  R E  3.3  kfl 
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The  spec  sheet  for  the  2N3904  lists  a  minimum  hFE  of  70  at  ICQ  =  1  mA.  Using  this 
value  as  hFC,  the  input  resistance  of  the  Darlington  pair  is  found  as 

Rmi  =  hFClhFC2RE  =  (70)(70){3.3  kfl)  =  16,17  Mil 
Practice  Problem  10.8 

A  Darlington  amplifier  like  the  one  in  Figure  10.15  has  the  following  values:  hFC  = 
240  (each  transistor)  and  RE  =  390  Cl.  Determine  the  input  resistance  to  the 
Darlington  pair. 


10.4.2  AC  Analysis 

The  input  impedance  of  a  Darlington  emitter-follower  is  found  using  the  same  equa-  M  OBJECTIVE  6 
tions  used  for  the  standard  emitter  follower.  When  voltage-divider  bias  is  used,  Zin  is 
found  as 

Zjn  R |  ||  R2  j|  Z3n(tiasc) 

When  emitter-feedback  bias  is  used, 


Zin  =  «,  II  Z, 


in(base) 


The  value  of  Zin(base)  for  the  Darlington  pair  is  found  as 

Zjn(i>asc)  .  ^icl  3*  ^  (10.21) 


where  hic  =  the  input  impedance  of  the  indicated  transistor 
hfC  =  the  ac  current  gain  of  the  indicated  transistor 
rE  =  the  parallel  combination  of  RE  and  RL 

The  derivation  of  equation  (10.21)  is  provided  in  Appendix  D. 

The  output  impedance  of  the  Darlington  emitter-follower  is  found  in  the  same  way  as 
the  output  impedance  of  a  standard  emitter  follower.  However,  the  gain  of  the  second 
transistor  must  be  considered.  Thus,  Zou,  is  found  as 


Zout  ~  Re  I 


rja:  + 


Ki  +  (R[jhfcly 

hfcl 


(10.22) 


Since  RE  is  usually  much  greater  than  the  rest  of  the  equation,  Zout  can  be  approximated  as 


Z0ut  =  r'e2  + 


r  el 


+  (R'Jhfd) 


Hfc 2 


(10.23) 


where  R'in  =  Rt  ||  R2  ||  Rs 

r’e  =  the  ac  emitter  resistance  of  the  indicated  transistor 
hfc  =  the  ac  current  gain  of  the  indicated  transistor 

The  current  gain  of  the  Darlington  pair  is  equal  to  the  product  of  the  individual  gains, 
and  this  product  can  be  in  the  thousands.  This  is  because  input  current  is  increased  by  the 
gain  of  the  first  transistor  and,  after  being  applied  to  the  base  of  the  second  transistor,  is 
increased  again  by  the  gain  of  that  component.  Even  with  the  current  gain  reduction 
caused  by  the  input  and  output  circuits,  the  Darlington  amplifier  has  very  high  overall 
current  gain.  By  formula. 


(10.24) 
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As  Example  10.9  illustrates,  the  current  gain  of  a  Darlington  amplifier  is  typically  much 
higher  than  that  of  a  single-transistor  emitter  follower.  As  before,  the  voltage  gain  (Av)  of 
the  amplifier  is  slightly  less  than  1 . 


EXAMPLE  10.9 _ 

Determine  the  circuit  gain  and  impedance  values  for  the  amplifier  in  Figure  10.15. 
Assume  that  the  circuit  has  values  of  Rs  =  3.3  kO,  RL  =  1  kfi,  hfcl  =  120,  hfc2  = 
150,  hicl  =  40  kfl,  and  hic2  =  3  kO. 

Solution:  To  calculate  the  value  of  Zill(base),  we  need  to  determine  the  value  of  rE 
as  follows: 

rE  =  Re  ||  Rl  =  3.3  kO  ||  1  kO  =  767  H 


The  input  impedance  to  the  Darlington  pair  is  now  found  as 

Zimbase)  =  K\  +  hfJhlc2  +  hfc2rE ) 

=  40  kfl  +  (120)13  kfi  +  (1501(767  (l)} 
=  40  kfi  +  (120)018.1  kfi) 

=  14.2  Mfi 


The  amplifier  input  impedance  is  now  found  as 


-'in 


=  120  kfl  ||  1 


Again,  this  relatively  high  Zin  is  characteristic  of  a  Darlington  amplifier. 

To  determine  the  value  of  Zou„  we  need  to  start  by  determining  the  values  of  r'e 
for  the  two  transistors.  These  values  are  found  as 


and 


,  hic2  3  kfl 

r*  =  ^—  =  =  20  a 

The  input  resistance  of  the  circuit  (R[n)  is  found  as 

*J„  =  |  R2 II  Rs  =  120  kO  ||  120  kft  ||  3.3  ka  =  3.13  kO 

Finally,  the  value  of  Zout  is  found  as 

„  ,  rei  +  (R'Jhfi-i)  333  a  +  (3.13  ka/1 20) 

z0ut  -  Kt  + - — — ^  =  20  a  +  -  -  ■  ■  ■  •  -  * 


hf,2 

=  20a  + 2.40  =  22.40 


150 


The  low  output  impedance  is  typical  for  this  type  of  amplifier.  Finally,  the  current 
gain  of  the  amplifier  can  be  found  as 


hM^)  =  i'2m50{^2 


ZmrE 

'■Z,11(b 

(18.000(0.00322)  =  57.96 


kO)(767  Q) 
MO)(  I  kfl) 
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As  with  any  emitter  follower,  the  overall  voltage  gain  of  the  circuit  will  be 
slightly  less  than  1. 

Practice  Problem  10.9 

Determine  the  circuit  gain  and  impedance  values  for  the  circuit  in  Figure  10.15. 
Assume  that  the  circuit  has  the  following  values:  Rt  =  R2  =  240  k O,  RE  =  510  11, 
Rs  =  6  kO,  Rl  =  100  O,  hfci  =  80,  hfc2  =  180,  hic]  =  38  kO,  and  hic2  =  4  kO. 


10.4.3  Summary 

Examples  10.8  and  10.9  demonstrate  the  major  characteristics  of  the  Darlington  emitter- 
follower.  These  characteristics  are  as  follows: 

1.  A  voltage  gain  that  is  less  than  1  ( Av  <  1). 

2.  Extremely  high  base  input  impedance. 

3.  High  current  gain. 

4.  Low  output  impedance. 

5.  Input  to  output  voltages  and  currents  that  are  in  phase. 

Because  the  characteristics  of  the  Darlington  emitter-follower  are  basically  the  same  as 
those  of  the  standard  emitter  follower,  the  two  circuits  are  used  in  similar  applications. 
When  you  need  higher  input  impedance  and  current  gain  and/or  lower  output  impedance 
than  the  standard  emitter  follower  can  provide,  you  use  a  Darlington  emitter-follower. 


10.4.4  The  "Quick"  Analysis 

As  you  can  see,  the  detailed  analysis  of  a  Darlington  emitter-follower  is  long  and 
involved.  When  you  are  interested  only  in  quickly  determining  approximate  circuit  val¬ 
ues,  the  following  approximations  can  be  used: 

At  =  hfl]hfc2(  ■) 

V^in(base)  *\L/ 


Ay  *  1 

(10*25) 

Zon3*  r'e2  +  ~  (10.26) 

hfc  2 


Equation  (10.25)  ignores  the  values  of  r'e  for  the  two  transistors.  Had  we  used  this 
equation  in  Example  10.9,  we  would  have  obtained  values  of  Zin(base)  =  13.8  MO  and 
Zin  =  59.7  kfl.  The  final  approximation  ignores  the  value  of  (R'mlhfcX)  in  the  calculation 
of  Zout.  Had  we  used  this  equation  in  Example  10.9,  we  would  have  obtained  a  value  of 
Zout  =  22.2  H,  rather  than  the  22.4  O  value  found  in  the  example. 

10.4.5  A  Few  More  Points 

Darlington  transistors  are  commonly  available.  For  example,  the  2N6426  is  a  Darlington 
pair  that  is  contained  in  a  single  physical  package.  At  Ic  =  10  mA,  the  component  has  the 
following  ratings: 

hFE  —  20,000  to  200,000  hie  =  100  kfl  to  2  MO  hfe  =  20,000  (minimum) 


As  you  can  see,  these  values  are  significantly  higher  than  any  obtainable  with  a  standard 
discrete  transistor. 
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The  equations  introduced  in  this  section  assume  that  you  are  working  with  two  dis¬ 
crete  transistors  that  have  been  wired  together  to  form  a  Darlington  pair.  When  dealing 
with  an  emitter  follower  containing  a  single  Darlington  transistor,  the  analysis  is  per¬ 
formed  using  the  relationships  covered  earlier  for  standard  emitter  followers. 

Although  our  discussion  in  this  section  has  been  limited  to  the  Darlington  emitter- 
follower,  it  should  be  noted  that  a  Darlington  pair  can  be  used  in  any  amplifier  configu¬ 
ration  when  higher-than-average  values  of  current  gain  and  input  impedance  are 
required. 


Section  Review  ► 


1.  What  is  a  Darlington  emitter-follower ? 

2.  How  are  the  two  transistors  in  a  Darlington  pair  interconnected? 

3.  Why  is  the  current  gain  of  a  Darlington  emitter-follower  higher  than  that  of  a  stan¬ 
dard  emitter  follower? 

4.  List  the  major  characteristics  of  the  Darlington  emitter-follower. 


10.5  The  Common-Base  Amplifier 


The  common-base  amplifier  is  used  to  provide  voltage  gain  with  no  current  gain  and  in 
high-frequency  buffer  applications.  The  input  to  the  common-base  amplifier  is  applied  to 
the  emitter,  and  the  output  is  taken  from  the  collector.  Two  common-base  amplifiers  are 
shown  in  Figure  10.16. 


+  vcc 


FIGURE  10.16  Typical  common-base  amplifiers. 


Lab  Reference:  The  dc 
characteristics  of  an  emitter-biased 
CB  amplifier  are  demonstrated  in 
Exercise  13. 


Figure  10.16a  shows  the  transistor  in  an  emitter-bias  configuration.  Figure  10.16b 
shows  the  transistor  in  a  voltage-divider  bias  configuration.  The  dc  analyses  of  these  two 
circuits  are  the  same  as  for  the  equivalent  common-emitter  configurations. 

Note  that  the  input  to  each  amplifier  is  applied  to  the  emitter,  while  the  output  is 
taken  from  the  collector.  The  base  in  Figure  10.16a  is  coupled  directly  to  ground.  The 
base  in  Figure  10.16b  is  grounded  (in  terms  of  ac  operation)  by  the  bypass  capacitor 
(Cfi)  across  R2. 


10.5.1  AC  Analysis 

OBJECTIVE  7  ►  The  ac  equivalent  circuit  for  the  common-base  amplifier  is  shown  in  Figure  10.17.  We 
will  use  this  circuit  for  our  discussion  on  the  ac  characteristics  of  the  common-base 
amplifier. 

The  input  signal  is  applied  across  the  emitter-base  junction,  so  the  value  of  vin  can  be 
found  as 


=  ‘,.r, 


386 


Chapter  10  Other  BJT  Amplifiers 


FIGURE  10.17  The  common-base  ac  equivalent  circuit. 


The  output  signal  is  developed  across  the  ac  collector  resistance,  so  the  value  of  vout  can 
be  found  as 


Lab  Reference:  The  gain 
characteristics  of  a  common-base 
amplifier  are  demonstrated  in 
Exercise  13.  _ 


Since  ic  =  ie,  the  value  of  vout  can  be  assumed  to  have  a  value  of 


4  .  :  • 

vout  =  lerC 


and 


or 


(10.27) 


Since  the  emitter  current  is  approximately  equal  to  the  collector  current,  the  current 
gain  is  generally  assumed  to  have  a  value  of 

Aj  s  i  (10.28) 

This  approximation  is  used  for  simplicity.  The  actual  current  gain  of  a  common-base 
amplifier  (hfh)  equals  the  ratio  of  ac  collector  current  to  ac  emitter  current.  This  ratio  is 
the  ac  alpha  of  the  transistor,  which  is  slightly  less  than  1 . 

The  input  impedance  to  the  amplifier  is  the  parallel  combination  of  r'e  and  RE.  By 
formula, 

Z&~r't\\Rh  (10.29) 

Since  RE  is  usually  much  greater  than  r'e,  the  input  impedance  to  the  amplifier  can  be 
approximated  as 

Zin «  r't  (10.30) 


The  output  impedance  of  the  amplifier  is  the  parallel  combination  of  Rc  and  the  collector 
resistance  of  the  transistor  (1  lhob).  By  formula, 

Zoat  =  jRc||J-  (10.31) 

Since  \!hob  is  typically  very  high  (in  the  hundreds  of  kilohms),  the  output  impedance  is 
approximated  as 


hob 

The  common-base  value  of 
transistor  output  admittance. 
You  can  usually  assume  that 
l/hoh  is  much  greater  than  any 
practical  value  of  Rc. 


(10.32) 
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Example  10.10  demonstrates  the  ac  analysis  of  a  common-base  amplifier. 


EXAMPLE  10.10 

Determine  the  gain  and  impedance  values  for  the  circuit  shown  in  Figure  10.18. 


Solution:  First,  we  need  to  determine  the  value  of  IE.  Since  the  circuit  is  an 
emitter-biased  amplifier,  IE  is  found  as 


The  value  of  r'e  can  now  be  approximated  as 


Since  RE  +>  r'e,  we  can  approximate  the  value  of  Zin  as 


Zin  =  r'e  =  75.6  a 


The  output  impedance  is  found  as 


Zmt  =  Rc  =  10kft 


The  ac  resistance  of  the  collector  circuit  is  found  as 

rc  =  Rc  ||  Rl  =  3.38  kft 
and  the  voltage  gain  of  the  amplifier  is  found  as 


Finally,  since  the  output  current  is  approximately  equal  to  the  input  current,  the  cur¬ 
rent  gain  is  assumed  to  have  a  value  of  A,  =  1 . 

Practice  Problem  10.10 

An  emitter-bias  circuit  like  the  one  in  Figure  10.18  has  values  of  Vcc  =  +15  V, 
VEE  =  — 15  V,  R,  =  30  kfl,  Rc  =  15  kO,  and  RL  =  3  kft.  Determine  the  approxi¬ 
mate  values  of  Av,  A„  Zjn,  and  Zout  for  the  amplifier. 
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10.5.2  Summary 

Example  10.10  demonstrated  the  ac  analysis  of  a  common-base  amplifier.  The  results 
found  in  the  example  also  serve  to  illustrate  the  ac  characteristics  of  this  type  of  amplifier. 
These  characteristics  are: 

1.  Relatively  high  voltage  gain. 

2.  Current  gain  that  is  less  than  1  (A,  <  1). 

3.  Low  input  impedance. 

4.  High  output  impedance. 

5.  Input  and  output  signal  voltages  and  currents  that  are  in  phase. 

As  you  will  see  in  the  next  section,  the  characteristics  listed  above  make  the  common- 
base  amplifier  well  suited  for  several  applications. 


1.  Which  biasing  circuits  are  commonly  used  for  common-base  amplifiers?  <  Section  Review 

2.  List,  in  order,  the  steps  you  would  take  to  perform  a  complete  ac  analysis  of  a 
common-base  amplifier. 

3.  What  are  the  gain  characteristics  of  a  common-base  amplifier? 

4.  What  are  the  input/output  characteristics  of  a  common-base  amplifier? 


10.6  Common-Base  Applications  and  Troubleshooting 


As  stated  earlier,  the  common-base  amplifier  is  used  to  provide  voltage  gain  without  cur-  ◄  OBJECTIVE  8 
rent  gain  and  for  high-frequency  applications.  Of  the  two,  high-frequency  applications  are 
far  more  common. 

Since  the  common-base  circuit  has  a  high  voltage  gain  and  a  value  of  A,  =  1,  the  cir¬ 
cuit  can  be  used  to  provide  voltage  gain  without  increasing  the  value  of  circuit  current. 

Consider  the  case  where  the  output  current  from  an  amplifier  is  more  than  enough  for 
the  application  but  the  voltage  needs  to  be  boosted.  The  common-base  amplifier  would 
serve  well  in  this  situation  because  it  would  increase  the  voltage  without  increasing  the 
current. 

The  high-frequency  application  for  common-base  amplifiers  ties  in  closely  with  the 
buffer  application  of  the  emitter  follower.  The  common-base  amplifier  has  the  opposite 
impedance  characteristics  of  the  emitter  follower,  as  shown  in  Figure  10.19a.  Note  that 
the  common-base  circuit  typically  has  low  input  impedance  and  high  output  impedance. 

The  emitter  follower  has  just  the  opposite  impedance  characteristics. 

How  does  this  relate  to  high-frequency  operation?  Most  high-frequency  voltage 
sources  have  very  low  output  impedance.  When  you  connect  a  high-frequency,  low-Zom 
source  to  a  high-impedance  load,  a  method  is  needed  to  reduce  the  current-limiting 
effect  of  that  load.  This  can  be  accomplished  by  using  a  common-base  amplifier 
designed  for: 

1.  An  imput  impedance  that  is  lower  than  (or  equal  to)  the  source  impedance. 

2.  An  output  impedance  that  is  greater  than  the  load  impedance. 

When  designed  according  to  these  guidelines,  the  amplifier  helps  the  source  provide  max¬ 
imum  current  to  its  load.  For  example,  look  at  the  circuit  shown  in  Figure  10.19b.  The 
low  input  impedance  allows  maximum  current  to  be  generated  by  the  source.  The  ampli¬ 
fier  has  a  value  of  A,  <  1,  so  the  output  signal  current  is  slightly  lower  than  the  input  sig¬ 
nal  current.  The  relatively  high  Zout  of  the  amplifier  reduces  the  effect  that  the  load  has  on 
the  output  signal  current.  As  a  result,  the  source  has  been  successfully  coupled  to  its  high- 
impedance  load.  (In  fact,  a  simulation  of  the  circuit  shown  in  Figure  10.19b  indicates  that 
the  load  current  is  approximately  22  times  as  great  as  it  would  be  if  the  source  were 
directly  connected  to  the  load.) 
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FIGURE  10.19  Using  a  common-base  amplifier  to  overcome  an  impedance  mismatch. 


Several  other  factors  make  the  common-base  amplifier  desirable  for  use  in  high- 
frequency  circuits: 

1.  The  ac  ground  at  the  base  results  in  relatively  high  amplifier  stability,  meaning  that 
changes  in  the  output  circuit  have  little  effect  on  the  input  circuit.  (This  is  important 
when  dealing  with  high-frequency  circuits  that  are  easily  affected  by  changes  in  the 
load.) 

2.  High  frequency,  low-amplitude  signals  can  be  greatly  affected  by  noise.  Noise  can 
come  from  any  number  of  sources,  including  the  input  resistance  of  an  amplifier. 
The  low  input  resistance  of  the  common-base  amplifier  results  in  the  circuit  gener¬ 
ating  less  noise  than  either  of  the  other  BJT  configurations. 


10.6.1  Troubleshooting 

Troubleshooting  the  common-base  amplifier  is  nearly  identical  to  troubleshooting  the 
common-emitter  circuit.  The  output  voltage  should  show  gain  when  compared  to  the 
input  voltage.  However,  there  is  no  phase  shift  from  input  to  output. 

When  you  troubleshoot  a  common-base  circuit,  check  the  input  and  output  signals.  If 
both  signals  are  present  and  there  is  voltage  gain  from  emitter  to  collector,  the  amplifier  is 
good.  If  the  input  signal  is  normal  but  the  output  signal  is  not,  check  the  amplifier  using 
the  techniques  discussed  in  Chapter  7. 


Section  Review  ►  1.  What  are  the  two  common  applications  for  the  common-base  amplifier? 

2.  Explain  the  use  of  the  common-base  amplifier  as  a  buffer. 

3.  What  is  the  difference  between  troubleshooting  a  common-base  amplifier  and 
troubleshooting  a  common-emitter  amplifier? 


Noise 

Any  undesired  voltage  or 
current  generated  within,  or 
externally  to,  an  electronic 
system.  Noise  sources  can  be 
natural  or  man-made. 
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10.6.2  Transistor  Amplifiers:  A  Summary 

In  Chapters  6  through  9,  you  were  introduced  to  a  wide  variety  of  transistor  amplifiers.  A  OBJECTIVE  9 
While  the  dc  characteristics  of  the  amplifiers  do  not  vary  significantly  from  one  configu¬ 
ration  to  another,  the  ac  characteristics  of  the  circuits  do.  As  a  review,  the  ac  characteris¬ 
tics  of  the  common-emitter,  emitter-follower  (common-collector),  common-base,  and 
Darlington  amplifiers  are  compared  in  Table  10.1. 


TABLE  10.1  Amplifier  Configurations  and  Their  ac  Characteristics3 


Common  Emitter 

Emitter  Follower 

Darlington  Emitter-Follower 

Common  Base 

Av 

Midrange 

Less  than  1 

Less  than  1 

Midrange 

A/ 

Midrange 

Midrange 

Extremely  high 

Less  than  1 

High 

Midrange11 

Highb 

Midrange0 

Zn 

Midrange 

High 

Extremely  high 

Low 

Zout 

Midrange 

Low 

Low 

High 

See  Table  8.2  for  range  limits. 
b  Slightly  less  than  the  value  of  A,. 
c  Slightly  less  than  the  value  of  A„. 


Here  is  a  summary  of  the  major  points  made  in  this  chapter: 
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1.  The  common-collector  amplifier  is  used  primarily  to  provide  current  gain. 

a.  The  input  to  a  common-collector  amplifier  is  applied  to  the  base,  and  the  output 
is  taken  from  the  emitter. 

b.  The  voltage  gain  of  the  common-collector  amplifier  is  always  less  than  1 . 

c.  Common-collector  input  and  output  signal  voltages  are  in  phase. 

d.  The  common  collector  is  often  referred  to  as  an  emitter  follower  because  the 
output  voltage  (at  the  emitter)  follows  the  input  voltage  (at  the  base). 

2.  A  Darlington  pair  is  a  two-transistor  configuration  that  provides  extremely  high 
current  gain  and  base  input  impedance. 

3.  The  common-base  amplifier  is  used  primarily  to  provide  voltage  gain. 

a.  Common-base  amplifiers  are  often  used  as  buffers  in  high-frequency  circuits. 

b.  The  current  gain  of  a  common-base  amplifier  is  always  less  than  1. 

c.  Common-base  input  and  output  signal  voltages  are  in  phase. 

4.  The  circuit  recognition  features  for  the  emitter  follower  include  the  following: 

a.  The  transistor  collector  is  tied  directly  to  Vcc\  that  is,  there  is  no  collector  resistor. 

b.  There  is  no  emitter  bypass  capacitor.  Instead,  a  coupling  capacitor  connects  the 
emitter  to  the  load. 

5.  The  voltage  gain  of  an  emitter  follower  is  always  less  than  1. 

6.  The  current  gain  of  an  emitter  follower  (A,)  is  significantly  lower  than  the  current 
gain  of  its  transistor  {hfc). 

a.  The  relatively  low  value  of  A,  is  due  to  the  current  divisions  in  the  transistor  base 
and  emitter  circuits. 

b.  The  base-to-emitter  current  gain  of  the  transistor  in  an  emitter  follower  ( hfc )  is 
equal  to  ( hfe  +  1).  However,  the  two  values  are  normally  assumed  to  be  equal 
(since  hfe »  1). 

7.  Since  the  voltage  gain  of  an  emitter  follower  is  always  less  than  1,  power  gain  is 
always  slightly  lower  than  current  gain  for  this  type  of  amplifier  (see  Example  10.4). 

8.  Output  impedance  is  the  impedance  that  a  circuit  presents  to  its  load. 

9.  In  many  applications,  one  goal  of  emitter-follower  design  is  to  have  the  maximum 
possible  input  impedance. 

a.  Maximum  input  impedance  is  obtained  using  emitter-feedback  bias. 

b.  The  input  impedance  of  emitter-feedback  bias  is  compared  to  that  of  voltage- 
divider  bias  in  Example  10.7. 
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10.  A  decoupling  capacitor  is  normally  used  to  eliminate  a  type  of  distortion  that  is 
common  to  emitter  followers. 

a.  This  distortion  (see  Figure  10.8)  is  caused  by  the  output  coupling  capacitor 
attempting  to  charge  and  discharge  through  the  internal  resistance  of  the  collec¬ 
tor  supply  voltage  (Vcc). 

b.  A  decoupling  capacitor  is  connected  as  shown  in  Figure  10.10. 

11.  Emitter  followers  are  typically  used  in  applications  where  current  gain  is  required 
but  voltage  gain  is  not. 

12.  Emitter  followers  are  also  commonly  used  as  buffers. 

13.  A  buffer  is  a  circuit  used  to  compensate  for  any  impedance  mismatch  between  a 
source  and  its  load.  When  used  as  a  buffer,  an  emitter  follower  typically  has: 

a.  Input  impedance  that  is  much  greater  than  its  source  resistance. 

b.  Output  impedance  that  is  much  lower  than  its  load  resistance. 

14.  The  purpose  of  a  buffer  is  to  reduce  the  effect  that  a  load  has  on  the  output  from  its 
source. 

15.  The  primary  characteristics  of  the  emitter  follower  (common-collector  amplifier)  are: 

a.  Low  voltage  gain  (less  than  1). 

b.  Relatively  high  current  gain. 

c.  Power  gain  that  is  slightly  lower  than  current  gain. 

d.  High  input  impedance  and  low  output  impedance. 

e.  Input  and  output  signal  voltages  that  are  in  phase. 

16.  A  Darlington  emitter-follower  uses  a  special  two-transistor  configuration  to  provide 
higher  current  gain  and  base  input  impedance  than  can  be  obtained  using  a  single 
transistor. 

17.  A  Darlington  pair  contains  two  transistors  connected  as  follows: 

a.  The  emitter  of  the  input  transistor  is  tied  directly  to  the  base  of  the  output  transistor. 

b.  The  collectors  of  the  two  transistors  are  tied  together  (see  Figure  10.13). 

18.  The  ac  analysis  of  a  Darlington  emitter-follower  is  demonstrated  in  Example  10.9. 

a.  The  overall  current  gain  of  the  Darlington  pair  equals  the  product  of  the  individ¬ 
ual  transistor  gains. 

b.  The  base  input  impedance  of  the  Darlington  pair  is  significantly  higher  than  that 
of  either  transistor  alone.  This  causes  the  Darlington  emitter-follower  to  have 
higher  input  impedance  than  a  standard  emitter  follower. 

19.  The  common-base  amplifier  is  used  to  provide  voltage  gain  with  no  current  gain 
and  for  high-frequency  applications. 

a.  The  input  is  applied  to  the  emitter,  and  the  output  is  taken  from  the  collector. 

b.  Common-base  amplifiers  are  usually  biased  using  emitter  bias  or  voltage-divider 
bias  (see  Figure  10.16). 

20.  The  primary  characteristics  of  the  common-base  amplifier  are: 

a.  Relatively  high  voltage  gain. 

b.  Current  gain  that  is  less  than  1 . 

c.  Low  input  impedance. 

d.  High  output  impedance. 

e.  Input  and  output  signal  voltages  and  currents  that  are  in  phase. 

21.  The  common-base  amplifier  can  be  used  to  provide  for  maximum  current  transfer 
from  a  low-impedance  source  to  a  high-impedance  load.  This  is  accomplished  by 
designing  the  common-base  amplifier  for: 

a.  Input  impedance  that  is  lower  than  (or  equal  to)  the  source  resistance. 

b.  Output  impedance  that  is  greater  than  the  load  resistance  (see  Figure  10.19). 
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Equation 

Section  Number 

(10.1) 

r2 

Vb~Vccr1  +  r2 

10. 1 

(10.2) 

VE=VB-  0.7  V 

10.1 
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amplifier  366 

Darlington  pair  366 

output  impedance  373 

common-collector 

decoupling  capacitor  378 

regulated  dc  power 

PRACTICE  PROBLEMS 

amplifier  366 

emitter  follower  366 

supply  377 

Section  10.1 

1.  Determine  the  values  of  VB,  VE,  and  IE  for  the  circuit  shown  in  Figure  10.20. 


FIGURE  10.20 

2.  Determine  the  values  of  VB,  V E,  and  lE  for  the  circuit  shown  in  Figure  10.21. 

3.  Plot  the  dc  load  line  for  the  circuit  shown  in  Figure  10.20. 

4.  Plot  the  dc  load  line  for  the  circuit  shown  in  Figure  10.21. 

5.  Determine  the  value  of  Zin  for  the  circuit  shown  in  Figure  10.20. 

6.  Determine  the  value  of  Zin  for  the  circuit  shown  in  Figure  10.21. 

7.  Determine  the  values  of  Av,  Ar  and  Ap  for  the  circuit  shown  in  Figure  10.20. 

8.  Determine  the  values  of  Av,  Ah  and  Ap  for  the  circuit  shown  in  Figure  10.21. 

9.  Determine  the  value  of  Zout  for  the  circuit  shown  in  Figure  10.20. 

10.  Determine  the  value  of  Zout  for  the  circuit  shown  in  Figure  10.21. 

11.  Calculate  the  gain  and  impedance  values  for  the  circuit  in  Figure  10.22. 

12.  Calculate  the  gain  and  impedance  values  for  the  circuit  in  Figure  10.23. 
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+8  V 


FIGURE  10.21 


+12  V 


FIGURE  10.22 


-20  V 


FIGURE  10.23 

Section  10.2 

13.  Determine  the  value  of  Z-m  for  the  circuit  shown  in  Figure  10.24. 

14.  Determine  the  value  of  Zm  for  the  circuit  shown  in  Figure  10.25. 

Section  10.4 

15.  Determine  the  values  of  IE  and  /?[Ni  for  the  amplifier  in  Figure  10.26. 

16.  Determine  the  values  of  IE  and  for  the  amplifier  in  Figure  10.27. 
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17.  Determine  the  values  of  Zin  and  Zout  for  the  circuit  shown  in  Figure  10.26. 

18.  Determine  the  values  of  Zin  and  Zout  for  the  circuit  shown  in  Figure  10.27. 

19.  Determine  the  value  of  A,  for  the  circuit  shown  in  Figure  10.26. 

20.  Determine  the  value  of  A,  for  the  circuit  shown  in  Figure  10.27. 

21.  Perform  a  “quick”  analysis  on  the  amplifier  in  Figure  10.26. 

22.  Perform  a  “quick”  analysis  on  the  amplifier  in  Figure  10.27. 

Section  10.5 

23.  Determine  the  value  of  Av  for  the  amplifier  in  Figure  10.28. 


+12  V 


FIGURE  10.28 


24.  Determine  the  value  of  A„  for  the  amplifier  in  Figure  10.29. 


+8  V 


FIGURE  10.29 


25.  Determine  the  values  of  Zin  and  Zout  for  the  amplifier  in  Figure  10.28. 

26.  Determine  the  values  of  Zin  and  Zout  for  the  amplifier  in  Figure  10.29. 


27.  Refer  to  Figure  10.21.  The  circuit  has  a  constant  dc  emitter  voltage  of  0  V.  Discuss 
the  possible  causes  of  the  problem. 

28.  Refer  to  Figure  10.22.  The  dc  emitter  voltage  for  this  circuit  is  approximately  1.7  V. 
Discuss  the  possible  causes  for  this  problem. 

29.  The  circuit  shown  in  Figure  10.30  has  the  waveforms  shown  in  Figure  10.31.  Dis¬ 
cuss  the  possible  causes  of  the  problem. 

30.  The  circuit  shown  in  Figure  10.28  has  a  constant  Vc  of  +12  Vdc.  Discuss  the  possi¬ 
ble  causes  of  the  problem. 

31.  The  circuit  shown  in  Figure  10.27  has  a  dc  base  voltage  ( Q2 )  of  approximately  0  V. 
Discuss  the  possible  causes  of  the  problem. 
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TP-3  TP-4  TP-5 


Note:  Voltages  listed  are 
dc  reference  voltages, 
as  measured  from  the 
designated  test  point 
to  ground. 

FIGURE  10.31 


8.3  V 


7.6  V 


6.9  V 

FIGURE  10.32 


32.  The  circuit  shown  in  Figure  10.26  has  the  output  waveform  shown  in  Figure  10.32. 
Discuss  the  possible  causes  of  the  problem. 

33.  The  circuit  shown  in  Figure  10.30  has  the  signals  shown  in  Figure  10.33.  Determine 
the  possible  causes  of  the  problem. 

34.  The  circuit  shown  in  Figure  10.30  has  the  output  waveforms  shown  in  Figure  10.34. 
Determine  the  possible  causes  of  the  problem. 
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TP-3  TP— 4  TP-5 


Note:  Voltages  listed  are 
dc  reference  voltages, 
as  measured  from  the 
designated  test  point 
to  ground. 

FIGURE  10.33 


5.14  V 

4.4  V 

TP-3 

TP-4 

TP-5 

Note:  Voltages  listed  are 
dc  reference  voltages, 
as  measured  from  the 
designated  test  point 
to  ground. 

FIGURE  10.34 


PUSHING  THE  ENVELOPE 

35.  Determine  the  values  of  AvT,  Air,  ApT,  and  Zin  for  the  amplifier  shown  in  Figure 
10.30. 

36.  Determine  the  values  of  A„  Zin,  and  Zout  for  the  amplifier  in  Figure  10.35  using  the 
“quick”  analysis  equations.  The  hie  and  hfe  curves  for  the  two  transistors  are  shown 
in  the  figure. 

37.  Determine  the  values  of  Av,  Ah  Ap,  Zin,  and  Zout  for  the  amplifier  in  Figure  10.36. 

The  spec  sheet  for  the  Darlington  transistor  is  located  in  Appendix  A.  Use  the 
“quick”  analysis  approximations  in  your  analysis. 
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hpci  -  hpc2  -  50 


lc  COLLECTOR  CURRENT  (mA|  lc  COLLECTOR  CURRENT  (mA) 

FIGURE  10.35  (Copyright  of  Semiconductor  Component  Industries,  LLC.  Used  by  permission.) 


+28  V 


FIGURE  10.36 


38.  Write  a  program  that  will  perform  the  dc  analysis  of  a  standard  emitter  follower  or  a 
Darlington  emitter-follower  given  the  required  inputs. 

39.  Write  a  program  that  will  perform  the  ac  analysis  of  a  standard  emitter  follower 
given  the  required  input  values. 

40.  Write  a  program  that  will  perform  the  “quick”  analysis  of  a  Darlington  emitter- 
follower  given  the  required  input  values. 


10.1  VB  =  9.92  V,  VE  =  9.22  V,  IE  =  10.13  mA,  VCEQ  =  8.78  V 

10.2  VCEum  =  18  V,  /C(sat)  =  19.78  mA 

10.3  0.9967 

10.4  23.92 

10.5  8.73  kO 

10.6  15.54  D 

10.7  83.8  kfl,  3.57  kfl 

10.8  22.5  Mil 

10.9  Aj  =  858.7,  Zin  =  111  kfl,  Zout  =  25.3  fl 

10.10  Av  =  47.71,  Ai  =  1,  Zin  s  52.4  Cl,  Zout  3  15  kH 
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Power  Amplifiers 

Objectives 

After  studying  the  material  in  this  chapter,  you  should  be  able  to: 

1.  Identify  the  (9-point  location  on  the  dc  load  line  for  class  A,  class  B,  class  AB,  and 
class  C  amplifiers. 

2.  Compare  and  contrast  the  ac  load  line  and  dc  load  line  of  a  class  A  amplifier. 

3.  Explain  the  concept  of  amplifier  compliance. 

4.  Calculate  the  values  of  dc  input  power  and  ac  load  power  for  an  RC-coupled  class  A  amplifier. 

5.  Explain  why  high  amplifier  efficiency  ratings  are  desirable  in  power  amplifiers. 

6.  Describe  and  analyze  the  operation  of  the  transformer-coupled  class  A  amplifier. 

7.  Describe  and  analyze  the  operation  of  class  B  amplifiers. 

8.  Perform  all  the  calculations  necessary  to  determine  the  values  of  source  power  and  load 
power  for  a  complementary-symmetry  amplifier. 

9.  Define  and  describe  class  AB  operation. 

10.  Explain  how  class  AB  operation  eliminates  crossover  distortion  and  thermal  runaway. 

11.  Perform  the  complete  analysis  of  a  class  AB  amplifier. 

12.  Calculate  the  transistor  power  dissipation  requirements  for  a  given  class  A.  class  B,  or 
class  AB  amplifier. 

Outline 

11.1  The  AC  Load  Line 

11.2  R C-Coupled  Class  A  Amplifiers 

11.3  Transformer-Coupled  Class  A  Amplifiers 

11.4  Class  B  Amplifiers 

11.5  Class  AB  Amplifiers  (Diode  Bias) 

11.6  Class  AB  Amplifiers:  Troubleshooting  and  Circuit  Configurations 

11.7  Related  Topics 
Chapter  Summary 
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f  o ' w  e_r  _A_m_p_L  if  i_e_r  s_:  _  W  he_n  _  Are  _T_h  ey_Us  edj _ 

In  this  chapter,  you  will  be  studying  a  group  of  amplifiers  There  are  three  basic  types  of  power  amplifiers:  class  A, 

referred  to  as  power  amplifiers.  Many  of  the  amplifier  cir-  class  B,  and  class  C  power  amplifiers.  In  this  chapter,  we 

cuits  and  principles  covered  in  this  chapter  are  used  in  com-  concentrate  on  the  first  two  (class  A  and  class  B)  along 

munications  electronics.  Communications  electronics  is  the  with  a  special-case  class  B  amplifier,  called  a  class  AB 

study  of  the  circuits  and  systems  used  to  transmit  informa-  amplifier.  These  three  circuits  are  commonly  used  as  audio 

tion  between  two  or  more  Locations.  Television  and  radio  amplifiers.  Audio  amplifiers  are  circuits  used  to  amplify  sig- 

transmitters  and  receivers,  two-way  transceivers,  and  radar  nals  whose  frequencies  lie  in  the  range  of  approximately  20  Hz 

systems  are  all  examples  of  communications  systems.  to  20  kHz. 

Power  amplifiers  are  used  to  deliver  high  values  of  power  to  low-resistance  loads.  The 
typical  power  amplifier  will  have  an  output  power  greater  than  1  W  with  a  load  resistance 
that  will  range  from  300  T1  (for  transmission  antennas)  to  4  fl  (for  audio  speakers). 
Although  these  load  values  do  not  cover  every  possibility,  they  do  illustrate  that  power 
amplifiers  usually  drive  low-resistance  loads. 

The  ideal  power  amplifier  would  deliver  100%  of  the  power  it  draws  from  the  supply 
to  the  load.  In  practice,  however,  this  can  never  occur  because  the  components  in  the 
amplifier  all  dissipate  some  of  the  power  that  is  being  drawn  from  the  supply.  As  you 
were  shown  in  Chapter  8,  amplifier  efficiency  is  calculated  as  follows: 


OBJECTIVE  1  ►  This  equation  indicates  that  lower  dc  input  power  results  in  higher  amplifier  effi¬ 
ciency.  The  dc  input  power  to  an  amplifier  varies  according  to  the  position  of  the 
0-point  on  the  load  line.  Typical  0-point  locations  for  the  four  amplifier  classes  are 
shown  in  Figure  11.1. 


acouwowerxio() 

dc  input  power 


The  lower  the  Q-point  position 
on  the  dc  load  line,  the  lower 
the  dc  input  power.  Thus,  the 
class  A  amplifier  has  the  lowest 
,nSgxit»tlP:P!S%s8>le  efficiency, 


FIGURE  11.1  Q-point  locations  for  each  class  of  amplifier. 

In  this  chapter,  we  will  look  at  the  operation  of  class  A,  class  B.  and  class  AB  ampli¬ 
fiers.  Class  C  amplifiers  are  tuned  circuits,  meaning  that  they  are  designed  to  operate 
within  specific  frequency  ranges.  Class  C  amplifiers,  along  with  many  other  tuned  cir¬ 
cuits,  are  covered  in  Chapter  17. 


11.1  The  AC  Load  Line 


In  Chapter  7,  you  were  introduced  to  the  dc  load  line.  This  line  is  used  to  represent  all 
possible  combinations  of  VCE  and  Ic  for  a  given  amplifier.  The  ac  load  line  is  used  for  the 
same  basic  purpose:  It  represents  all  possible  ac  combinations  of  ic  and  vce. 
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Up  to  this  point,  the  ac  load  line  has  not  been  an  important  consideration.  However,  it 
serves  as  an  effective  tool  for  teaching  many  of  the  principles  of  class  A  and  class  B 
amplifier  operation.  For  this  reason,  we  will  take  a  brief  look  at  the  ac  load  line  before 
covering  any  of  the  common  power  amplifier  circuits. 

The  ac  load  line  for  a  given  amplifier  does  not  follow  the  plot  of  the  dc  load  line.  The 
reason  for  this  lies  in  the  fact  that  the  dc  load  of  an  amplifier  is  different  from  its  ac  load. 
For  example,  consider  the  circuits  shown  in  Figure  11.2.  In  terms  of  dc  operation,  the 
load  on  the  transistor  is  equal  to  Rc.  The  value  of  R,  does  not  weigh  into  the  picture 
because  the  coupling  capacitor  provides  dc  isolation  between  the  transistor  and  RL.  The 
ac  equivalent  circuit  (Figure  11.2b)  shows  the  ac  load  to  consist  of  Rc  in  parallel  with  R,  . 
As  you  will  see,  this  difference  in  the  load  resistance  results  in  considerable  differences 
between  the  dc  and  ac  load  lines. 


ac  load  line 

A  graph  of  all  possible 
combinations  of  ic  and  vce. 


◄  OBJECTIVE  2 


vcc 


FIGURE  11.2 


(a)  The  original  circuit 


(b) 


A  common-emitter  amplifier  and  its  ac  equivalent  circuit. 


The  ac  equivalent  circuit 


11.1.1  AC  Saturation  Current 

If  you  take  a  close  look  at  the  ac  equivalent  circuit  shown  in  Figure  1 1 .2b,  you  will  see 
that  the  transistor  is  the  signal  source  for  the  ac  load  resistance  (rc).  According  to 
Ohm’s  law, 


This  relationship  can  also  be  expressed  as 


where  A Ic  =  the  change  in  Ic 
A  VCE  —  the  change  in  Vce 


As  shown  in  Figure  1 1 ,3a,  the  ac  saturation  current  can  be  found  as 


(11.1) 


(11.2) 


4(sati  —  Icq  +  A/c 

We  know  that  the  value  of  VCe  is  ideally  0  V  when  the  transistor  is  in  saturation.  This 
means  that  the  value  of  A Ic  in  Figure  1 1.3a  can  be  found  as 


A  Vce  VCeq  0  V  VCj 


CEQ 
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FIGURE  11.3  ac  Load  line. 


Substituting  the  result  for  AIC  in  the  i'c(sat)  equation  gives  us 


(11.3) 


This  relationship  defines  the  ac  saturation  current  in  terms  of  the  circuit  g-point  values. 
The  point  representing  ic(sat)  is  identified  in  Figure  1 1 .3c. 


11.1.2  AC  Cutoff  Voltage 

As  shown  in  Figure  1 1 .3b,  the  ac  cutoff  voltage  can  be  found  as 


Ideally,  Ic  —  0  A  when  the  transistor  is  in  cutoff.  Using  a  transposed  version  of  equation 
(1 1.2),  we  can  determine  the  value  of  AVCE  as  follows: 


Substituting  this  result  for  AVCE  in  the  vce(off)  equation  gives  us 


v«( off)  ~  Vceq  +  IcqTc 


(11.4) 


This  equation  defines  the  ac  cutoff  voltage  in  terms  of  the  circuit  (2-point  values.  The 
point  representing  vct,(0ff)  is  identified  in  Figure  1 1 .3c.  Note  that  the  ac  load  line  crosses 
the  dc  load  line  at  the  g-point,  as  is  shown  in  Figure  1 1.3d.  This  is  always  the  case  for  a 
given  amplifier. 


1 1.1.3  What  Does  the  ac  Load  Line  Tell  You? 


OBJECTIVE  3  ►  The  ac  load  line  of  an  amplifier  is  used  to  illustrate  its  compliance.  The  compliance  of  an 
amplifier  is  the  limit  that  its  output  circuit  places  on  the  peak-to-peak  output  voltage.  If 
the  compliance  of  an  amplifier  is  exceeded,  clipping  of  the  output  waveform  occurs.  This 
point  is  discussed  in  detail  later  in  this  section. 

The  compliance  of  an  amplifier  is  found  by  determining  the  maximum  possible  transi¬ 
tions  of  Ic  and  VCE  from  their  respective  values  of  ICQ  and  Vceq-  The  maximum  possible 
transitions  are  illustrated  in  Figure  11.4.  As  Figure  11.4a  shows,  the  maximum  possible 


Compliance 

The  limit  that  the  output  circuit 
of  an  amplifier  places  on  its 
peak-to-peak  output  voltage. 
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Wc 

lcQrC 

I  PP  =  2  lCQrc 

(a) 

FIGURE  11.4  Amplifier  compliance. 


!c 


A  VCE  -  VCEQ  -  0  V  =  VCEQ 
PP  =  2  VCEQ 


(b) 


transition  for  VCE  is  equal  to  the  difference  between  vC£(off)  and  VCEQ.  Since  this  transition 
is  equal  to  /cerc,  the  maximum  peak  output  voltage  from  the  amplifier  is  equal  to  7cerc. 
Two  times  this  value  gives  us  the  maximum  peak-to-peak  transition  of  the  output  voltage 
as  follows: 


PP  -  2 IcqTc 

^  \'6W°  ;  °  . 


(11.5) 


where  PP  =  the  output  compliance,  in  peak-to-peak  voltage 
1CQ  =  the  0-point  value  of  lc 
rc  —  the  ac  resistance  in  the  collector  circuit 

In  Figure  11.3a,  you  were  shown  that  ic(sat)  =  lCQ  +  A7C.  The  transition  from  1CQ  to 
4(sat>  is  shown  (as  A/c)  on  the  load  line  in  Figure  1 1.4b.  Note  that  A lc  corresponds  to  a 
change  in  collector-emitter  voltage  (&VCE).  As  you  were  shown  earlier,  AVC£  =  VCEQ. 
Thus,  the  maximum  peak-to-peak  transition  is  equal  to  twice  this  value,  as  follows: 

PP  =*  2  VcBQ  (11.6) 


where  PP  =  the  output  compliance,  in  peak-to-peak  voltage 
VCEq  =  the  0-point  value  of  VCE 

Equations  (1 1.5)  and  (1 1.6)  were  derived  using  the  relationships  shown  in  Figure  1 1.4. 
When  the  0-point  of  an  amplifier  lies  at  midpoint  on  its  ac  load  line, 


and  its  output  can  vary  equally  above  and  below  the  0-point  without  clipping.  When  the 
0-point  lies  below  midpoint  on  the  ac  load  line, 


Ic<2r  C  <  VcEQ 


In  this  case,  the  output  of  the  amplifier  is  limited  by  ICQrc,  and  the  amplifier  can  be 

driven  into  cutoff  clipping,  as  shown  in  Figure  1 1.5a.  When  the  0-point  lies  above  mid-  Cutoff  clipping 

point  on  the  ac  load  line,  A  type  of  distortion  caused  by 

driving  a  transistor  into  cutoff. 

!CQrC  >  VCEq 
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(a)  Cutoff  clipping  is  caused  by  biasing  below  midpoint  (b)  Saturation  clipping  is  caused  by  biasing  above  midpoint 

on  the  load  line.  on  the  load  line. 

FIGURE  11.5  Cutoff  and  saturation  dipping. 


Saturation  clipping 

A  type  of  distortion  caused  by 
driving  a  transistor  into 
saturation. _ 


In  this  case,  the  output  of  the  amplifier  is  limited  by  VCeq .  and  the  amplifier  can  be  driven 
into  saturation  clipping,  as  shown  in  Figure  1 1 ,5b. 

To  determine  the  compliance  without  using  the  ac  load  line,  solve  both  equation  (11.5) 
and  (11.6).  The  lower  of  the  two  results  is  the  amplifier  compliance.  If  equation  (11.5) 
yields  the  lower  result,  the  circuit  is  biased  as  shown  in  Figure  1 1 .5a  and  will  experience 
cutoff  clipping  if  overdriven.  If  equation  (1 1.6)  yields  the  lower  result,  the  circuit  is  biased 
as  shown  in  Figure  1 1.5b  and  will  experience  saturation  clipping  if  overdriven.  The  calcu¬ 
lation  of  compliance  is  demonstrated  in  Example  11.1. 


EXAMPLE  11.1  _ 

Determine  the  output  compliance  for  the  amplifier  shown  in  Figure  1 1 .6. 


+12  V 


FIGURE  11.6 

Solution:  Using  the  established  procedure,  ICQ  and  VCEQ  are  found  to  be  950  |xA 
and  5.45  V,  respectively.  ( Refer  to  Chapter  7  if  you  have  trouble  solving  for  these 
values.)  The  value  of  rc  is  equal  to  the  parallel  combination  of  Rc  and  RL:  3.2  kfl. 
Now,  the  amplifier  is  solved  for  both  compliance  values  as  follows: 

PP  =  2Vceq  =  2(5.45  V)  =  10.9  Vpp 
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and 


PP  =  2 ICQrc  =  2(950  |jlA)(3.2  kft)  =  6.08  VPP 

Since  the  overall  compliance  equals  the  lower  of  the  two  values  obtained,  its  value 
for  this  amplifier  is  equal  to  6.08  VPP.  This  means  that  the  peak-to-peak  output  volt¬ 
age  can  be  no  more  than  6.08  V.  If  this  value  is  exceeded,  cutoff  clipping  will  occur. 

Practice  Problem  11.1 

A  common-emitter  amplifier  like  the  one  in  Figure  11.6  has  the  following  values: 
Vcc  =  20  V,  Ri  =  10  kft,  R2  =  1-8  kft,  Rc  =  620  ft,  RE  =  200  ft,  RL=  1.2  kft, 
and  hFE  =  180.  Determine  the  compliance  (PP)  of  the  amplifier. 


The  importance  of  the  compliance  values  obtained  in  Example  11.1  is  illustrated  in 
Figure  11.7.  Here,  we  see  the  dc  and  ac  load  lines  along  with  two  possible  output  signals. 
Waveform  A  shows  the  result  of  trying  to  drive  the  amplifier  to  PP  =  10.9  VPP.  As  you 
can  see,  the  amplifier  experiences  cutoff  clipping  as  a  result  of  trying  to  exceed  the  ac  cut¬ 
off  point  (8.49  V).  On  the  other  hand,  waveform  B  is  not  clipped  because  its  peak-to-peak 
value  is  limited  to  the  compliance  of  the  circuit,  6.08  VPP. 


Ic 


11.1.4  A  Practical  Consideration 

In  Chapter  9,  you  were  introduced  to  the  concept  of  nonlinear  distortion.  In  many  cases, 
nonlinear  distortion  occurs  long  before  cutoff  clipping  occurs.  In  other  words,  if  the 
amplifier  input  amplitude  is  sufficient  to  cause  cutoff  clipping  to  occur,  it  is  more  than 
sufficient  to  generate  nonlinear  distortion  in  the  amplifier  output. 
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OBJECTIVE  4 


vcc 

[  he  =  ho  +  A 


FIGURE  11.8  Total  supply 
current. 


When  the  compliance  of  an  amplifier  is  limited  by  cutoff  clipping  (2/cerc),  you  need 
to  be  aware  that  nonlinear  distortion  will  occur  before  the  compliance  of  the  amplifier  is 
reached.  At  the  same  time,  if  saturation  clipping  ( 2VCEQ )  is  the  limiting  factor,  nonlinear 
distortion  should  not  be  a  problem. 

Determining  the  compliance  of  an  amplifier  is  not  an  everyday  requirement  for  the 
average  technician.  At  the  same  time,  you  should  be  aware  that  the  ac  characteristics  of 
an  amplifier  often  limit  its  output. 


1.  What  is  the  ac  load  line ? 

2.  Why  does  the  ac  load  line  of  an  amplifier  differ  from  the  dc  load  line? 

3.  What  is  compliance ? 

4.  How  is  the  compliance  of  an  amplifier  determined? 

5.  Under  what  load  condition  would  the  ac  and  dc  load  lines  for  an  amplifier  be  identical? 
Explain  your  answer. 


11.2  J?C-Coupled  Class  A  Amplifiers 


We  have  already  performed  many  of  the  dc  and  ac  analyses  required  for  RC-coupled  class 
A  amplifiers.  If  you  have  trouble  with  any  of  the  basic  dc  or  ac  relationships  for  the  vari¬ 
ous  BJT  amplifiers,  refer  to  the  appropriate  discussions  in  Chapters  7,  9,  and  10.  In  this 
section,  we  will  concentrate  on  the  power  and  efficiency  characteristics  of  /?C-coupled 
class  A  amplifiers. 


11.2.1  Amplifier  DC  Power 

The  total  dc  power  that  an  amplifier  draws  from  its  dc  power  supply  is  found  as 

P$  ~  Vcc^cc  (11*7) 


As  Figure  1 1.8  illustrates,  Icc  is  equal  to  the  sum  of  ICq  and  the  current  through  the  volt¬ 
age  divider  circuit,  Ix.  The  calculation  of  total  dc  power  is  demonstrated  in  Example  1 1.2. 


EXAMPLE  11.2 _ _ 

Determine  the  total  dc  power  that  is  drawn  from  the  supply  by  the  amplifier  in 
Figure  1 1.9. 


10  V 


FIGURE  11.9 
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Solution:  Assuming  the  base  current  to  be  negligible,  the  value  of  /,  can  be  found  as 


Practice  Problem  11.2 

Determine  how  much  power  is  drawn  from  the  dc  power  supply  by  the  amplifier 
described  in  Practice  Problem  11.1. 


11.2.2  AC  Load  Power 

AC  load  power  can  be  calculated  using  the  standard  V2/R  equation.  Specifically, 


where  PL  =  the  ac  load  power 
V,  =  the  rms  load  voltage 


i/2 

PL  —  — 

R-l 


(11.8) 


A  Practical  Consideration: 
This  equation  is  used  when  V 


The  use  of  this  equation  is  demonstrated  in  Example  1 1.3. 


EXAMPLE  11.3 _ 

Determine  the  ac  load  power  for  the  circuit  shown  in  Figure  11.10. 


FIGURE  11.10 


Solution:  The  voltmeter  reads  10.6  V,  as  indicated.  Since  ac  voltmeters  provide  rms 
measurements,  the  value  shown  can  be  plugged  directly  into  equation  (1 1.8).  Thus, 


Section  11.2  /?C-Coupled  Class  A  Amplifiers 


A  Practical  Consideration. 


Practice  Problem  11.3 

An  amplifier  with  a  1.2  kfl  load  has  a  4.62  Vnns  output.  Determine  the  value  of  load 
power  for  the  circuit. 


When  the  peak-to-peak  load  voltage  is  known,  the  ac  load  power  can  be  found  as 


(11.10) 


FIGURE  11.11 

Solution:  According  to  the  oscilloscope  display,  the  peak  load  voltage  is  20  V. 
Using  equation  (1 1.9),  the  ac  load  power  is  found  as 


Practice  Problem  11.4 

An  amplifier  has  a  670  Cl  load.  Using  an  oscilloscope,  the  peak  output  voltage  is 
measured  at  +8  V.  Determine  the  amount  of  power  that  the  amplifier  is  supplying 
to  the  load. 


Determine  the  ac  load  power  for  the  circuit  shown  in  Figure  11.11. 


A  convenient  form  of  equation  (11.8)  that  can  be  used  when  you  know  the  peak  output 
voltage  is 


This  equation  is  derived  by  substituting  (0.707  Vpk)  into  the  numerator  of  equation  (1 1.8) 
and  simplifying  the  fraction  as  follows: 


Example  11.4  demonstrates  its  application. 


EXAMPLE  11.4 


(11.9) 
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This  equation  is  derived  by  substituting  0.5  VPP  in  place  of  Vpk  in  equation  (11.9)  as 
follows: 


mm 

SSISSifiill 

V|P  V2P 

L  2Rl 

£ 

III 

Equation  (11.10)  is  important  because  it  allows  us  to  calculate  the  maximum  possible 
value  of  ac  load  power.  You  may  recall  that  the  maximum  possible  output  peak-to-peak 
voltage  from  an  amplifier  equals  its  compliance,  PP.  Therefore,  the  maximum  possible  ac 
load  power  can  be  found  as 

(11.11) 

Example  11.5  demonstrates  the  use  of  this  equation. 


EXAMPLE  11.5 _ 

A  given  amplifier  has  a  compliance  of  18  VPP.  If  the  load  resistance  is  100  Cl,  what 
is  the  maximum  possible  value  of  ac  load  power? 

Solution:  Using  the  values  given,  the  maximum  possible  load  power  is  found  as 


PP2 


/.(max) 


(ISVpp)2 

8(100  a) 


405  mW 


Practice  Problem  11.5 

An  amplifier  has  a  compliance  of  20  VPP  and  a  load  resistance  of  140  Cl.  What  is 
the  maximum  possible  load  power  for  the  circuit? 


11.2.3  Amplifier  Efficiency 


Once  the  values  of  Ps  and  PL  have  been  calculated  for  an  amplifier,  we  can  use  these  val¬ 
ues  to  calculate  the  efficiency  of  the  circuit.  As  you  were  told  in  Chapter  8,  the  efficiency 
of  an  amplifier  is  the  percentage  of  the  power  drawn  from  the  dc  power  supply  that  is 
actually  delivered  to  the  load. 

The  higher  the  efficiency  of  an  amplifier,  the  better.  Why?  Because  a  high  efficiency 
rating  indicates  that  a  low  percentage  of  the  power  drawn  from  the  supply  is  used  by  the 
amplifier  itself.  For  example,  an  amplifier  with  a  90%  efficiency  rating  uses  only  10%  of 
the  power  drawn  from  the  dc  power  supply.  The  rest  is  delivered  to  the  load.  ( Remember : 
The  efficiency  of  an  ideal  amplifier  is  100%.) 

As  you  were  shown  in  Chapter  8,  the  maximum  theoretical  efficiency  of  an  de¬ 
coupled  class  A  amplifier  is  25%.  In  practice,  the  efficiency  of  this  type  of  amplifier  is 
always  much  lower,  as  illustrated  in  Example  11.6. 

EXAMPLE  11,6 _ 

Determine  the  maximum  efficiency  of  the  amplifier  described  in  Example  11.1. 

Solution:  In  Example  11.1,  we  determined  the  compliance  of  the  amplifier  to  be 

PP  =  6.08  V.  With  a  10  kfi  load  resistance  (as  shown  in  Figure  11.6),  we  can  find 

the  maximum  value  of  load  power  as 


◄  OBJECTIVES 


A  Practical  Consideration: 
High  efficiency  helps  extend 
the  operating  life  of  the 
components  in  an  amplifier. 
Power  used  by  an  amplifier  is 
dissipated  in  the  form  of  heat. 
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Using  the  established  procedures,  the  following  values  are  determined  for  the 
amplifier: 

7j  =  279.1  (jlA 
ICq  =  950.3  |JtA 

and 


ICc  — '  7 (  q  4"  7j  —  1.23  mA 


Now,  Ps  is  found  as 


Ps  =  VCCICC  =  (12  V)(1.23  mA)  =  14.76  mW 


Finally, 


^  X  100  =  ^6?2^-  X  100  =  3.13% 
s  m 


As  you  can  see,  even  when  this  amplifier  is  driven  to  compliance,  its  efficiency 
rating  is  only  3.13%.  This  is  considerably  less  than  the  maximum  theoretical  value 
of  25%. 

Practice  Problem  11.6 

The  amplifier  described  in  Practice  Problem  11.1  is  driven  to  compliance.  Deter¬ 
mine  the  maximum  efficiency  of  the  amplifier. 


The  maximum  theoretical  efficiency  value  of  25%  for  the  7?C-coupled  class  A  amplifier 
is  derived  in  Appendix  D  for  those  who  wish  to  review  the  derivation. 

The  maximum  theoretical  efficiency  of  the  transformer-coupled  class  A  amplifier  is 
50%.  The  higher  efficiency  rating  of  this  amplifier  is  due  to  its  operating  characteristics. 
We  will  take  a  look  at  this  type  of  amplifier  in  the  next  section. 


Section  Review  ► 


Critical  Thinking  ► 


1.  List,  in  order,  the  steps  required  to  determine  the  value  of  7CC  for  an  7?C-coupled 
class  A  amplifier. 

2.  How  do  you  calculate  the  value  of  PL  when  VL  is  measured  with  an  ac  voltmeter? 

3.  How  do  you  calculate  the  value  of  PL  when  VL  is  measured  with  an  oscilloscope? 

4.  When  is  load  power  ( PL )  at  its  maximum  value? 

5.  What  is  the  maximum  theoretical  efficiency  of  an  7?C-coupled  class  A  amplifier? 

6.  Why  is  a  high  efficiency  rating  desirable  for  a  power  amplifier? 

7.  In  this  section,  you  were  shown  how  to  calculate  load  power  using  rms,  peak,  and 
peak-to-peak  values.  Why  isn’t  there  a  PL  equation  for  circuits  like  the  one  shown  in 
Figure  11.11  that  uses  the  dc  average  load  voltage? 


11.3  Transformer-Coupled  Class  A  Amplifiers 

Transformer-coupled  class  A 
amplifier 

An  amplifier  that  uses  a 
transformer  to  couple  the  output 
signal  to  the  load. 

A  transformer-coupled  class  A  amplifier  uses  a  transformer  to  couple  its  output  signal 
to  its  load.  A  transformer-coupled  amplifier  is  shown  in  Figure  11.12a.  Because  the  ac 
characteristics  of  the  transformer  play  an  important  role  in  the  overall  operation  of  the 
amplifier,  we  will  briefly  review  some  basic  transformer  characteristics. 
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11.3.1  Transformers 


You  may  recall  that  the  turns  ratio  of  a  transformer  determines  the  relationship  between 
primary  and  secondary  values  of  voltage,  current,  and  impedance.  These  relationships  are 
summarized  as  follows: 


and 


(11.12) 


(11.13) 


where  NP,  Ns  =  the  number  of  turns  in  the  primary  and  secondary,  respectively 
VP,  Vs  =  the  primary  and  secondary  voltages 
Ip>  Is  =  the  primary  and  secondary  currents 
ZP,  Zs  =  the  primary  and  secondary  impedances 


Most  transformers  are  classified  as  being  either  a  step-down  transformer  or  a  step-up 
transformer.  A  step-down  transformer  is  one  with  a  secondary  voltage  that  is  less  than  the 
primary  voltage.  A  step-down  transformer  will  always  have  the  following  characteristics: 


A  step-up  transformer  is  one  with  a  secondary  voltage  that  is  greater  than  the  primary 
voltage.  A  step-up  transformer  will  always  have  the  following  characteristics: 


As  you  will  see,  these  relationships  play  an  important  role  in  the  ac  operation  of  the  trans¬ 
former-coupled  class  A  amplifier. 


11.3.2  DC  Operating  Characteristics 

The  dc  biasing  for  a  transformer-coupled  class  A  amplifier  is  very  similar  to  that  of  any 
other  class  A  amplifier  with  one  important  exception:  The  circuit  is  designed  for  a  value 
ofVCEQ  that  is  close  to  VCc- 

You  may  recall  that  the  value  of  VCEQ  for  an  amplifier  like  the  one  in  Figure  1 1.12a  is 
found  as 

Vceq  ~  Vcc  ~  Icq(Rc  +  Rs) 

Using  the  voltage-divider  bias  relationships  established  in  Chapter  7,  the  circuit  shown  in 
Figure  1 1.12a  is  found  to  have  a  value  of  ICQ  =  99.7  mA.  Using  Rw  in  place  of  Rc  in  the 
VCeq  equation,  we  get 

Vcbq  =  V'cc  -  ICq{Rc  +  Re)  =  10  v  -  (99.7  mA)(14  ft)  =  8.6  V 

This  value  of  VCEQ  confirms  that  the  circuit  is  designed  for  a  value  of  VCEQ  that  is  close 
to  VCc- 


Step-down  transformer 

One  with  a  secondary  voltage 
that  is  less  than  the  primary 
voltage 


Step-up  transformer 

One  with  a  secondary  voltage 
greater  than  the  primary 
voltage. 


◄  OBJECTIVE  6 
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/c(mA) 


+10  V 


(a) 

FIGURE  11.12  Transformer-coupled  class  A  amplifier. 


You  should  note  that  the  value  of  RL  is  ignored  in  the  dc  analysis  of  the  transformer- 
coupled  class  A  amplifier,  because  transformers  provide  dc  isolation  between  the  primary 
and  secondary.  Since  the  load  resistance  is  in  the  secondary  of  the  transformer,  it  does  not 
affect  the  dc  analysis  of  the  primary  circuitry. 

11.3.3  AC  Operating  Characteristics 

Analyzing  the  ac  operation  of  a  transformer-coupled  amplifier  begins  with  plotting  its  ac 
load  line.  Earlier  in  the  chapter,  you  were  shown  that  the  ac  load  line  for  a  class  A  ampli¬ 
fier  is  plotted  using 


4(sat) 


h:Q  + 


V, 


CEQ 


To 


and  Vc*(dff)  ^  V ceq  +  hx>r c 


How  do  you  plot  the  ac  load 


We  will  use  these  relationships  to  plot  the  ac  load  line  for  the  circuit  shown  in  Figure 
11.12a. 

Two  of  the  values  needed  to  plot  the  amplifier  load  are  provided  by  the  dc  analysis  of 
the  circuit.  For  the  circuit  shown  in  Figure  11.12a,  our  dc  analysis  provided  values  of 
ICq  =  99.7  mA  and  VCEQ  =  8.6  V.  For  the  transformer-coupled  amplifier,  the  value  of  rc 
in  the  load  line  equations  equals  the  transformer  primary  impedance  ( ZP ).  By  formula, 


rc  =  ZP 


(11.14) 


Using  a  transposed  version  of  equation  (11.13),  the  value  of  ZP  is  found  as 


(11.15) 


For  the  circuit  shown  in  Figure  1 1.12a, 


Zp 


(4)2(5  Cl)  =  80 11 


Now,  using  a  value  of  rc  =  ZP  —  80  Cl,  the  end  points  for  the  ac  load  line  are  found  to 
have  the  following  values: 


t'c(sat)  -  h 


'CEQ 


CQ 


99.7  mA  + 


8.6  V 
80  Cl 


99.7  mA  +  107.5  mA  =  207.2  mA 
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and 


W)  =  VCEQ  +  ICQrc  =  8.6  V  +  (99.7  mA)(80  0)  =  16.6  V 


The  ac  load  line  is  now  drawn  between  points  on  the  x-  and  y-axes  that  correspond 
(roughly)  to  207.2  mA  and  16.6  V.  The  completed  load  line  is  shown  in  Figure  11.12b. 
Note  that  the  (2-point  was  plotted  using  the  values  of  VCEQ  and  ICq  calculated  earlier. 

At  this  point,  you  might  be  wondering  how  the  circuit  can  have  a  value  of  v(.e(oiT)  that  is 
greater  than  VCc ■  The  high  value  of  vcc(off)  is  made  possible  by  the  counter  emf  developed 
across  the  transformer  primary.  You  may  recall  that  counter  emf  is  a  voltage  developed 
across  a  coil  as  its  magnetic  field  collapses.  The  polarity  of  the  counter  emf  is  the  oppo¬ 
site  of  the  voltage  that  originally  generated  the  magnetic  field.  This  voltage  and  its  effects 
are  illustrated  in  Figure  11.13. 


+10  v 


Counter  emf 

A  voltage  developed  across  a 
coil  as  its  magnetic  field 
collapses.  The  polarity  of  the 
voltage  is  the  opposite  of  the 
voltage  that  originally 
generated  the  magnetic  field. 


+10V  +10V 


(b)  The  collector  circuit  voltages  at  the  negative 
peak  of  the  output  waveform 

FIGURE  11.13  Effects  of  counter  emf. 


(c)  The  collector  circuit  voltages  at  the  positive 
peak  of  the  output  waveform 


Figure  11.13a  shows  the  ideal  circuit  conditions  for  the  amplifier  in  Figure  11.12a 
with  an  input  signal  applied.  For  ease  of  discussion,  we  will  assume  that  the  output  is 
being  driven  back  and  forth  between  peak  values  of  +16  and  +4  V.  Figure  1 1.13b  shows 
the  voltages  in  the  collector  circuit  when  the  output  signal  is  at  its  negative  peak.  Note 
that  there  is  6  V  across  the  transformer  primary  with  the  polarity  shown.  When  the  output 
reaches  its  positive  peak,  the  collector  circuit  has  the  voltages  shown  in  Figure  1 1 .3c. 

Note  that  there  is  still  6  V  across  the  transformer  primary,  but  also  that  the  polarity  of  the 
primary  voltage  has  reversed.  This  is  the  counter  emf  produced  across  the  transformer 
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primary  as  the  collapsing  magnetic  field  cuts  through  the  transformer  primary.  As  a  result 
of  this  counter  emf,  the  voltage  at  the  collector  of  the  transistor  equals  the  sum  of  Vcc  and 
the  voltage  across  the  transformer  primary,  16  V.  As  the  magnetic  field  collapses  into  the 
transformer  primary,  the  counter  emf  decreases  in  value  until  it  reaches  0  V. 

As  you  can  see,  a  transformer-coupled  amplifier  has  two  very  important  characteristics: 

1.  VCEQ  is  very  close  to  the  value  of  Vcc- 

2.  The  maximum  output  voltage  is  very  close  to  2VCEQ.  Thus,  it  can  approach  the 
value  of  2VCc- 

As  you  will  see,  these  characteristics  are  the  basis  for  the  higher  efficiency  rating  for  the 
transformer-coupled  amplifier. 


11.3.4  Amplifier  Efficiency 

The  maximum  theoretical  efficiency  of  the  transformer-coupled  class  A  amplifier  is  50%. 
(The  derivation  of  this  value  is  shown  in  Appendix  D.)  The  actual  efficiency  rating  of  a 
transformer-coupled  class  A  amplifier  is  generally  less  than  40%.  There  are  several  rea¬ 
sons  for  the  difference  between  the  practical  and  theoretical  efficiency  ratings  for  the 
amplifier: 

1.  The  derivation  of  the  T)  =  50%  value  assumes  that  VCEQ  =  Vcc.  In  practice,  the 
value  of  VCeq  is  always  somewhat  less  than  Vcc. 

2.  The  transformer  is  subject  to  various  power  losses  (as  you  were  taught  in  your 
study  of  ac  electronics).  Among  these  losses  are  copper  loss  and  hysteresis  loss. 
These  transformer  power  losses  are  not  considered  in  the  derivation  of  the  t]  = 
50%  value. 


11.3.5  Calculating  Maximum  Load  Power  and  Efficiency 

To  calculate  the  maximum  load  power  for  a  transformer-coupled  class  A  amplifier,  start 
by  determining  the  value  of  ICQ  for  the  circuit  using  the  established  procedure  for  the  dc 
biasing  circuit.  Once  the  value  of  ICQ  is  known,  we  can  approximate  the  value  of  source 
power  as 


(11.16) 

This  approximation  is  valid  because  ICQ  /,  in  a  typical  transformer-coupled  class  A 
amplifier.  Once  the  value  of  Ps  is  known,  we  have  to  calculate  the  maximum  load  power 
for  the  amplifier. 

The  maximum  peak-to-peak  output  from  the  transformer-coupled  amplifier  is  deter¬ 
mined  by  the  compliance  of  the  circuit.  The  compliance  of  the  transformer-coupled 
amplifier  is  found  using  the  relationships  established  earlier  in  the  text: 


The  lower  of  the  two  equation  results  is  the  compliance  of  the  amplifier.  Note  that  the 
compliance  of  the  amplifier  is  the  maximum  possible  peak-to-peak  voltage  across  the  pri¬ 
mary  of  the  transformer.  Using  this  value  and  the  turns  ratio  of  the  transformer,  the  maxi¬ 
mum  peak-to-peak  load  voltage  is  found  as 


Kpp 


Ns 

NP' 


PP 


(11.17) 


Once  the  value  of  peak-to-peak  load  voltage  (VPP)  is  known,  the  values  of  load  power 
and  efficiency  are  calculated  as  shown  in  Section  1 1.2.  The  entire  process  for  calculating 
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the  maximum  efficiency  of  a  transformer-coupled  class  A  amplifier  is  demonstrated  in 
Example  11.7. 

EXAMPLE  11.7 _ 

Determine  the  maximum  efficiency  of  the  amplifier  in  Figure  1 1.12a. 

Solution:  Using  the  voltage-divider  bias  relationships  introduced  in  Chapter  7, 
we  previously  calculated  values  of  VCEq  =  8.6  V  and  1Cq  =  99.7  mA  for  the  circuit. 
Ignoring  the  transistor  base  current,  the  current  though  Rt  (in  the  biasing  circuit) 
can  be  found  as 


/i  = 


'cc 


10  V 


R,  +  R7  580  a 


=  17.2  mA 


The  total  current  being  drawn  through  the  circuit  is  now  found  as 

Ice  ~  h  +  Icq  3  H7 


and 


ps  =  Vcclcc  =  (10  V)(l  17  mA)  =  1.17  W 


The  compliance  of  the  amplifier  is  solved  using 

PP  =  2VC£q  =  (2X8.6  V)  =  17.2  V 


and 


PP  =  2 ICQrc  =  (2X99.7  mA)(80  fl)  =  16  V 

7  <%:  CC-A:’-.' 


The  amplifier  compliance  is  the  lesser  of  the  PP  values.  Using  PP  =  16  V,  the  maxi¬ 
mum  peak-to-peak  load  voltage  is  found  as 


V , 


pp 


—  PP  =  -7  (16  V)  =  4  V 
NP  4 


Now,  the  maximum  load  power  is  found  as 


Llmax) 


yPP  _ 

8 Rl 


(4  V)- 
40  fi 


2 


mmm 

=  400  mW 


Finally,  the  efficiency  of  the  amplifier  is  found  as 


X  100 


400  mW 
1.17  W 


X  100  =  34.2% 


Note  that  the  actual  efficiency  of  the  amplifier  is  lower  than  the  value  calculated 
here,  because  the  calculations  are  based  on  ideal  values.  They  also  ignore  trans¬ 
former  power  losses. 

Practice  Problem  11.7 

A  transformer-coupled  class  A  amplifier  has  the  following  values:  VCEq  —  10  V, 
NP  =  5,  Ns  =  1,  Rl  =  4  Q,  Vcc  =  12  V,  and  ICQ  =  120  mA.  Calculate  the  maxi¬ 
mum  efficiency  of  the  circuit. 
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11.3.6  One  Final  Note 


Timed  amplifier 

A  circuit  designed  to  have  a 
specific  value  of  gain  over  a 
specified  range  of  frequencies. 


The  transformer-coupled  class  A  amplifier  has  several  advantages  over  the  f?C-coupled 
circuit.  Three  of  these  are: 

1.  The  efficiency  of  the  transformer-coupled  circuit  is  higher. 

2.  The  transformer  can  be  used  for  impedance  matching  between  the  amplifier  and 
its  load. 

3.  The  transformer-coupled  circuit  can  be  converted  easily  into  a  tuned  amplifier, 
that  is,  an  amplifier  designed  to  provide  gain  over  a  specified  range  of  frequencies. 

Tuned  amplifiers  are  discussed  in  Chapter  17. 

In  the  next  section,  we  will  move  on  to  the  class  B  amplifier.  A  summary  of  the  two 
class  A  amplifiers  we  have  discussed  is  provided  in  Figure  1 1.14. 


is  a  transformer-coupled  class  A  amplifier ? 
te  characteristics  of  the  step-down  transformer, 
te  characteristics  of  the  step-up  transformer. 

is  the  process  for  plotting  the  ac  load  line  of  a  transformer-coupled  class  A 


5.  What  is  the  maximum  theoretical  efficiency  of  the  transformer-coupled  class  A 
amplifier?  Why  is  the  actual  efficiency  always  less  than  this  value? 

6.  List,  in  order,  the  steps  required  to  calculate  the  maximum  load  power  and  efficiency 
rating  of  a  transformer-coupled  class  A  amplifier. 

7.  What  are  the  advantages  of  using  the  transformer-coupled  class  A  amplifier? 

8.  What  is  a  tuned  amplifier? 

9.  Using  the  circuit  and  graph  in  Figure  11.12,  demonstrate  that  the  dc  load  line  for  ◄  Critical  Thinking 
a  transformer-coupled  amplifier  is  nearly  vertical.  (Hint:  What  is  Feet  off)  f°r  the 

amplifier?) 


11.4  Class  B  Amplifiers 


The  primary  disadvantage  of  using  class  A  power  amplifiers  is  that  their  efficiency  ratings 
are  so  low.  As  you  have  been  shown,  a  majority  of  the  power  drawn  from  the  dc  power 
supply  by  a  class  A  amplifier  is  used  up  by  the  amplifier  itself.  This  goes  against  the  pri¬ 
mary  purpose  of  a  power  amplifier,  which  is  to  transfer  the  power  drawn  from  the  dc 
power  supply  to  a  load. 

The  class  B  amplifier  was  developed  to  improve  on  the  low  efficiency  rating  of  the 
class  A  amplifier.  The  maximum  theoretical  efficiency  rating  of  a  class  B  amplifier  is 
approximately  78.5%.  This  means  that  up  to  78.5%  of  the  power  drawn  from  the  dc 
power  supply  can  ideally  be  transferred  to  the  load. 

Unlike  the  class  A  amplifier,  the  class  B  amplifier  consumes  very  little  power  when 
there  is  no  input  signal.  This  is  a  major  improvement  over  the  class  A  amplifier.  However, 
because  each  transistor  in  a  class  B  amplifier  conducts  for  approximately  180°,  each 
amplifier  requires  two  transistors  to  reproduce  an  input  waveform  accurately. 

Figure  11.15  shows  the  most  commonly  used  type  of  class  B  configuration.  This  cir¬ 
cuit  configuration  is  referred  to  as  a  complementary-symmetry  amplifier,  or  push-pull 
emitter  follower.  The  circuit  recognition  feature  is  the  use  of  complementary  transistors; 
that  is,  one  of  the  transistors  is  an  npn  and  the  other  is  a  pnp.  The  biasing  circuit  compo¬ 
nents  may  change  from  one  amplifier  to  another,  but  complementary-symmetry  ampli¬ 
fiers  always  contain  complementary  transistors. 


◄  OBJECTIVE  7 


FIGURE  11.15  Class  B  complementary-symmetry  amplifier. 


The  standard  push-pull  amplifier  contains  two  transistors  of  the  same  type  with  the  Standard  push-pull  amplifier 
emitters  tied  together.  It  uses  a  center-tapped  transformer,  or  a  transistor  phase  splitter  A  class  B  circuit  that  uses  two 

on  the  input  and  a  center-tapped  transformer  on  the  output.  This  amplifier  type  is  shown  identical  transistors  and  a 

in  Figure  1 1.16.  Note  the  transistor  types  and  the  transformer.  This  is  the  standard  push-  center-tapped  transformer, 
pull  amplifier  configuration. 
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FIGURE  11.16  Class  B  push-pull  amplifier. 


Why  are  complementary-  Why  is  the  complementary-symmetry  configuration  preferred  over  the  standard  push- 

PUN?  The  center-tapped  transformer  makes  the  standard  push-pull  circuit  much  larger  and 
.  more  expensive  to  construct  than  the  complementary-symmetry  amplifier.  Since  the  com¬ 
plementary-symmetry  amplifier  is  by  far  the  most  commonly  used,  we  will  concentrate 
on  this  circuit  configuration  in  our  discussion  on  class  B  operation. 


11.4.1  Class  B  Operation  Overview 

The  term  push-pull  comes  from  the  fact  that  the  two  transistors  in  a  class  B  amplifier  con¬ 
duct  on  alternating  half-cycles  of  the  input  signal.  For  example,  consider  the  circuit 
shown  in  Figure  11.17.  During  the  positive  half-cycle  of  the  input  signal,  Q\  is  biased 
on  and  Q2  is  biased  off.  During  the  negative  half-cycle  of  the  input  signal,  Q ,  is  biased  off 
and  Q2  is  biased  on.  The  fact  that  both  transistors  are  never  fully  conducting  at  the  same 
time  is  the  key  to  the  high  efficiency  rating  of  the  amplifier.  This  point  will  be  discussed 
in  detail  later  in  this  section. 


FIGURE  11.17 


vcc 


Class  B  operation. 


The  biasing  of  the  two  transistors  is  the  key  to  its  operation.  When  the  amplifier  is  in 
its  quiescent  state  (no  signal  input),  both  transistors  are  biased  at  cutoff.  When  the  input 
signal  goes  positive,  Qx  is  biased  above  cutoff,  and  the  transistor  conducts.  During  this 
time,  Q2  is  still  biased  at  cutoff.  When  the  input  goes  into  its  negative  half-cycle,  Qx  is 
driven  back  into  cutoff  and  Q2  is  biased  above  cutoff.  As  a  result,  conduction  through  Q2 
starts  to  increase  while  Qx  remains  off. 
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Because  both  transistors  are  biased  in  cutoff,  class  B  amplifiers  are  subject  to  crossover 
distortion.  Crossover  distortion  appears  as  flat  lines  between  the  output  signal  alterna¬ 
tions,  as  shown  in  Figure  11.18.  These  flat  lines  are  caused  by  both  transistors  being  in 
cutoff  for  a  short  time  between  the  positive  and  negative  alternations  of  the  input  signal. 
Crossover  distortion  is  eliminated  by  biasing  both  transistors  at  a  level  that  is  slightly 
above  cutoff.  This  type  of  biasing,  called  diode  bias,  is  discussed  in  the  next  section. 


Crossover  distortion 

Distortion  caused  by  class  B 
transistor  biasing.  Crossover 
distortion  occurs  during  the 
time  neither  of  the  transistors  is 
j  fully  conducting.  _ j 


vcc 


11.4.2  DC  Operating  Characteristics 

The  class  B  amplifier  has  a  vertical  dc  load  line  because  there  are  no  resistors  in  the 
emitter  or  collector  circuits  of  the  transistors.  For  example,  consider  the  circuit  shown 
in  Figure  11.19a.  Assuming  that  both  transistors  are  biased  right  at  the  cutoff  point,  the 
2-point  is  established  at  the  lB  =  0  line  on  the  collector  characteristic  curves.  This  is 
shown  in  Figure  11.19b.  Now,  assume  that  we  could  turn  both  transistors  on  at  the  same 
time.  If  they  were  both  on,  the  following  conditions  would  exist: 


Lab  Reference:  The  dc 

characteristics  of  a  class  B 
amplifier  are  demonstrated  in 
Exercise  14. 


1.  The  voltage  drops  across  the  two  transistors  (from  emitter  to  collector)  would  remain 
the  same  because  the  resistance  ratio  of  the  two  components  would  not  change. 


vcc 


lc(m  A) 


A  Practical  Consideration: 

Each  transistor  in  Figure 
1 1. 19a  would  actually  have  a 
value  of/c  = /co  /co  is  the 
collector  cutoff  current,  which 
is  typically  in  the  n.moainpcre 
fnAitdmie 

A. aStfrt.Hll  .1  Infr.ltWi.  HI.L.I.I.H..., .1.11.1 


(a)  Approximate  values  of  lB  and  lc  in  a  (b) 

quiescent  class  B  amplifier 

FIGURE  11.19  dc  Load  line  for  a  class  B  amplifier. 


The  dc  load  line  for  a  class  B  amplifier 
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2.  The  value  of  Ic  would  be  very  high  because  no  resistors  are  present  in  the  emitter  or 
collector  circuits  to  restrict  the  current.  Current  would  be  limited  only  by  the  inter¬ 
nal  resistance  of  the  conducting  transistors. 

Thus,  the  voltage  across  the  transistors  would  remain  fairly  constant  despite  the  increase 
in  current  through  the  collector  and  emitter  circuits.  This  gives  us  a  vertical  dc  load  line. 

The  dc  load  line  illustrates  two  other  points  about  the  dc  operation  of  the  class  B 
amplifier.  First,  it  tells  us  that  VCEq  can  be  found  as 


(11.18) 


Complementary  transistors 

Two  BJTs,  one  npn  and  one 
pnp,  with  nearly  identical 
electrical  characteristics  and 
ratings. 


This  relationship  is  based  on  the  fact  that  the  amplifier  is  built  using  complementary 
transistors.  Complementary  transistors  have  the  same  operating  characteristics,  except 
one  is  an  npn  and  the  other  is  a  pnp.  For  example,  the  2N3904  and  the  2N3906  are  com¬ 
plementary  transistors.  They  have  the  same  operating  parameters  and  specifications, 
except  the  2N3904  is  an  npn  transistor  and  the  2N3906  is  a  pnp  transistor.  Complementary 
transistors  are  used  in  class  B  amplifiers  because  any  difference  between  the  operating 
characteristics  of  the  individual  transistors  will  produce  output  distortion. 

When  complementary  transistors  are  used,  the  values  of  Vce  for  the  two  are  equal 
when  Ic  of  one  transistor  is  approximately  equal  to  Ic  of  the  other.  Now  refer  to  the  cir¬ 
cuit  shown  in  Figure  11.19.  Since  the  transistors  are  wired  in  series,  /C1  is  approximately 
equal  to  /C2.  Thus,  VcrA  is  approximately  equal  to  VCE2.  Assuming  that  the  two  voltages 
are  equal  and  must  add  up  to  Vcc>  each  equals  half  of  Vcc- 

Another  point  to  be  made  is  shown  in  the  following  equation: 


Icq  =  0  (11.19) 

This  approximation  is  valid  because  both  transistors  are  biased  just  inside  the  cutoff  region. 
If  they  are  both  biased  farther  into  the  cutoff  region,  the  value  of  ICQ  approaches  the  ideal 
value,  0  A.  To  help  you  understand  this  point  better,  take  a  look  at  Figure  1 1 .20.  This  is  a 
“close-up”  of  the  cutoff  region  of  the  characteristic  curve  for  the  transistors  shown  in  Fig¬ 
ure  11.19.  For  discussion  purposes,  we  will  refer  to  the  two  biasing  points  shown  as  soft 
cutoff  and  hard  cutoff.  When  the  transistors  are  biased  at  the  soft-cutoff  point,  ICQ  is  at  a 
higher  level  than  that  for  the  hard-cutoff  point.  As  the  transistor  biasing  is  adjusted  nearer 
the  hard-cutoff  point,  the  value  of  ICq  approaches  zero.  (It  can  never  reach  the  ideal  value 
of  zero  because  there  is  always  some  amount  of  leakage  current  through  the  transistors.) 


FIGURE  11.20  Magnified  view  of  cutoff  region. 
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It  would  seem  that  hard  cutoff  would  be  the  ideal  type  of  biasing  to  use  on  a  class  B 
amplifier.  However,  this  is  not  the  case.  Biasing  a  class  B  amplifier  at  the  hard-cutoff 
point  causes  crossover  distortion.  This  is  due  to  the  transition  time  required  for  each  tran¬ 
sistor  to  come  out  of  cutoff  into  the  active  region  of  operation.  Biasing  the  transistors  at 
the  soft  cutoff  point  reduces  their  transition  time,  thus  eliminating  crossover  distortion. 


11.4.3  AC  Operating  Characteristics 

The  ac  operating  characteristics  of  the  class  B  amplifier  are  significantly  different  from 
those  of  class  A  amplifiers.  (This  makes  sense  given  the  fact  that  there  are  virtually  no 
physical  similarities  between  the  two  types  of  circuits.)  The  ac  characteristics  of  the 
class  B  amplifier  are  illustrated  in  Figure  1 1.21. 


vcc 


(b)  The  ac  equivalent  (c)  The  ac  load  line 

FIGURE  11.21  Class  B  ac  characteristics. 


Figure  1 1.21b  shows  the  ac  equivalent  of  the  circuit  in  Figure  11.21a.  You  may  recall  that 
the  ac  equivalent  is  derived  by  grounding  the  dc  voltage  source  (Vcc)  and  shorting  the  circuit 
capacitors.  As  shown  in  Figure  1 1.21b,  the  load  is  in  parallel  with  the  transistors.  Therefore, 


and 


(11.20) 


Lab  Reference:  The  ac  operation 
of  a  class  B  amplifier  is 
demonstrated  in  Exercise  14. 


(11.21) 


where  AVCE  is  the  change  in  VCE  that  occurs  as  the  result  of  an  input  signal  to  the  amplifier. 


Section  11.4  Class  B  Amplifiers 


425 


As  you  know,  the  value  of  VCeq  f°r  the  class  B  amplifier  is  found  as 


which  was  given  earlier  as  equation  (11.18).  With  this  relationship  in  mind,  look  at  the 
waveform  shown  in  Figure  11.22.  This  waveform  represents  the  maximum  ideal  output 
signal  for  the  amplifier  shown.  The  positive  peak  of  the  waveform  is  shown  to  equal  Vcc. 
(This  value  assumes  that  Qx  has  a  value  of  VCE  =  0  V  when  saturated.)  Since  VCEQ  is  half 
the  value  of  Vcc,  the  maximum  possible  change  in  VCE  is  found  as 


Applying  this  approach  to  the 
negative  alternation  of  the 
waveform  gives  us 

svCE  =  vCEQ  -  o  v  ' 


AVC£-  —  Vcc 


Vcc 

2 


or 


AVr 


Vcc 

2 


(11.22) 


Assuming  that  <2i  is  saturated  at  the  positive  peak  of  the  output  signal,  the  ideal  value  of 
ic(sat) can  t>e  found  as 


*c(sat) 


Vcc 

2Rl 


(11.23) 


FIGURE  11.22 


We  stated  earlier  that  the  transistors  in  a  class  B  amplifier  are  normally  biased  at  cut¬ 
off.  Since  each  transistor  drops  half  the  supply  voltage  when  both  are  in  cutoff,  the  value 
of  vee(off)  can  be  found  as 

M  =  y  (11.24) 

These  two  points  are  used  to  derive  the  ac  load  line  of  the  class  B  amplifier.  This  load  line 
is  illustrated  in  Figure  1 1.21c. 

EXAMPLE  11.8 _ 

The  amplifier  in  Figure  11.21a  has  values  of  Vcc  =  10  V  and  RL  =  10  O.  Deter¬ 
mine  the  end-point  values  for  its  ac  load  line. 

Solution:  The  value  of  4(sat)  is  found  as 

Vcc  10V  . 

Lisati  =  ~ —  ==  - - —  =  500  mA 

(8t>  2  Rl  2(10  H) 
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Now,  the  value  of  vce(ofS)  is  found  as 


v«e(off ) 


10V 

2 


5  V 


Thus,  the  ac  load  line  for  the  circuit,  which  is  shown  in  Figure  11.21c,  has  end¬ 
point  values  of  ic(sat)  =  500  mA  and  vce(0ff)  =  5  V. 


Practice  Problem  11.8 

A  class  B  amplifier  has  values  of  VCc  —  +12  V  and  R,  —  2.2  kfi.  Calculate  the 
end-point  values  for  the  circuit’s  ac  load  line. 


11.4.4  Amplifier  Impedance 

You  may  recall  that  the  base  input  impedance  of  an  emitter  follower  is  found  as 

Zjn(base)  fcO\'  T  f'f.) 


If  you  take  a  look  at  the  class  B  amplifier,  you  will  notice  that  the  load  resistor  is  con¬ 
nected  to  the  emitters  of  the  two  transistors.  Since  the  load  resistor  is  not  bypassed,  its 
value  must  be  considered  in  the  calculation  of  Zin(base)  for  the  amplifier.  The  transistor 
input  impedance  is  therefore  found  as 

Ziii(base)  ~  hfc(r'e  +  Rf)  (11.25) 

The  output  of  the  class  B  amplifier  is  taken  from  the  emitters  of  the  transistors,  so  the 
amplifier  output  impedance  is  equal  to  the  ac  resistance  of  the  emitter  circuit.  As  you  may 
recall  from  Chapter  10,  this  impedance  is  found  as 


Zout  -  K  + 


RL 


nfc 


(11.26) 


where 


RL  =  II  R3  II  Rs 


Note  that  the  value  of  R2  in  the  class  B  amplifier  is  not  used  in  equation  (11.26). 
This  is  because  it  is  shorted  by  the  input  coupling  capacitors  in  the  ac  equivalent  circuit  of 
the  amplifier. 


11.4.5  Amplifier  Gain 

Since  the  complementary-symmetry  amplifier  is  basically  an  emitter  follower,  the  current 
gain  is  found  as  with  any  emitter  follower.  By  formula. 


Since  rE  =  RL  for  the  class  B  amplifier,  the  equation  for  A,  can  be  simplified  to 


(11.27) 
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The  voltage  gain  of  the  class  B  amplifier  is  found  in  the  same  manner  as  a  standard  emit¬ 
ter  follower,  as  follows: 


Rl 


Ri  + 


As  with  any  amplifier,  the  power  gain  is  the  product  of  Av  and  A,.  By  formula, 


11.4.6  Power  Calculations 

The  output  power  for  the  class  B  amplifier  is  found  in  the  same  manner  as  it  is  for  as  the 
class  A  amplifier.  By  formula, 


The  maximum  load  power  is  also  found  in  the  same  manner  as  it  is  for  the  class  A 
amplifier.  By  formula, 


To  calculate  the  maximum  possible  load  power  for  a  class  B  amplifier,  we  need  to  be 
able  to  determine  its  compliance.  The  compliance  of  a  class  B  amplifier  is  found  as 

'PP  =  2  VceQ  (11.28) 

Since  VCeq  =  V/cc/2,  equation  (1 1.28)  can  be  rewritten  as 

PP  *  Vcc  (11.29) 

The  maximum  load  power  for  a  class  B  amplifier  is  calculated  as  shown  in  Example  11.9. 

EXAMPLE  11.9 _ 

Determine  the  maximum  load  power  for  the  circuit  shown  in  Figure  1 1.23. 


+12  V 


FIGURE  11.23 
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Solution:  The  compliance  of  the  amplifier  is  found  as 


PP  =  Vcc  =  12  V 

Now,  the  maximum  load  power  is  found  as 


Practice  Problem  11.9 

Determine  the  maximum  load  power  for  the  circuit  described  in  Practice  Problem 

11.8. 


The  total  power  that  the  amplifier  draws  from  its  dc  power  supply  is  found  as 

Ps~  Vcclcc 

where 

Icc  =  ^Cl(ave)  +  h  (1 1.30) 

The  equation  for  Ps  is  the  same  one  that  is  used  for  the  class  A  amplifier.  However,  equa¬ 
tion  (11.30)  needs  some  explaining. 

The  total  current  drawn  from  the  supply  is  the  sum  of  the  average  Qx  collector  current 
and  the  current  through  the  amplifier  base  circuit,  as  shown  in  Figure  1 1 .24.  The  average 
value  of  the  current  through  the  collector  of  Q  { is  given  as 

r  lit 

*C(ave)  ^ 

or 

^C(avc)  35  0.318/pk 

where  7pk  is  the  peak  current  through  the  transistor.  Note  that  this  is  the  standard  /ave  equa¬ 
tion  for  the  half-wave  rectifier.  (Since  the  transistor  is  on  for  alternating  half  cycles,  it 
effectively  acts  as  a  half-wave  rectifier.) 


vcc 


FIGURE  11.24  Class  B  amplifier  supply  current. 
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According  to  equation  (11.23)  and  Figure  11.21c,  the  maximum  current  through  either 
transistor  in  the  class  B  amplifier  is  found  as 


Substituting  this  value  into  the  first  Ic( ave)  equation  (above),  we  get 


^CHave 


(11.31) 


Equation  (11.31)  uses  VCc  for  the  output  voltage  of  the  amplifier  because  it  is  assumed 
that  the  amplifier  is  driven  to  compliance.  If  the  output  of  the  amplifier  is  not  at  compli¬ 
ance,  Vpp(out)  must  be  substituted  for  Vcc-  This  equation  for  calculating  /ci(ave)  is 


fci(ave) 


(11.32) 


Examples  11.10  and  11.11  demonstrate  the  process  of  determining  the  total  power 
drawn  from  the  supply  and  total  load  power. 

EXAMPLE  11.10 _ 

Determine  the  value  of  Ps  for  the  circuit  shown  in  Figure  11.25. 


FIGURE  11.25 


Solution:  Neglecting  the  base  current  from  the  two  transistors,  I\  is  found  as 


Vcc  15  V 

,  = - — - = - — -  =  6.91  mA 

1  1?,  +  R2  +  R3  2.17  kO 


Now,  /ci(ave)  found  as 


frusvrt  =  — -  ■=  238.7  mA 
a(aye)  2tt  Rl  271(10  0) 


Using  these  two  values.  Ice  is  found  as 


he  =  f ci (ave)  +  h  -  245.6  mA 
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Finally,  the  total  power  demand  on  the  supply  is  determined  as 


Ps  =  Vcdcc  =  (15  V)< 245.6  mA)  =  3.68  W 


Practice  Problem  11.10 

Refer  to  Figure  1 1.23.  Determine  the  value  of  Ps  for  the  circuit. 


EXAMPLE  11.11 

Determine  the  maximum  load  power  for  the  circuit  in  Figure  1 1.25. 

Solution:  The  compliance  of  the  amplifier  is  equal  to  Vcc,  or  15  V.  Using  this 
value,  the  maximum  load  power  is  calculated  as 


L(max) 


PP 
8  Rl 


(15  VppT 
8(10  0) 


=  2.81  W 


Practice  Problem  11.11 

Refer  to  Figure  1 1.23.  Determine  the  maximum  value  of  PL  for  the  circuit. 


11.4.7  Class  B  Amplifier  Efficiency 

It  was  stated  earlier  in  this  chapter  that  the  maximum  theoretical  efficiency  of  a  class  B 
amplifier  is  78.5%.  As  is  the  case  with  class  A  amplifiers,  any  practical  efficiency  rating 
is  always  less  than  the  maximum  theoretical  value. 

The  derivation  of  the  t|  =  78.5%  value  is  shown  in  Appendix  D.  If  you  take  a  look  at 
the  derivation,  you  will  see  it  assumes  that  the  compliance  of  the  class  B  amplifier  is 
equal  to  Vcc.  Since  both  transistors  in  the  class  B  amplifier  still  have  a  slight  value  of  VCE 
when  saturated,  the  actual  compliance  of  the  amplifier  is  slightly  less  than  the  value  of 
Vcc.  Thus,  the  class  B  amplifier  efficiency  rating  never  reaches  the  value  of  78.5%. 

Once  the  values  of  Ps  and  P,  for  a  given  class  B  are  known,  the  efficiency  of  the  cir¬ 
cuit  is  calculated  in  the  same  manner  as  it  is  for  the  class  A  amplifiers.  This  point  is  illus¬ 
trated  in  Example  11.12. 

EXAMPLE  11.12 

Determine  the  efficiency  of  the  amplifier  used  in  Examples  11.10  and  11.11  (Figure 

11.25). 

Solution:  The  values  of  load  power  and  dc  supply  power  were  calculated  in 

Examples  11.10  and  11.11  as 


PL  -  2.81  W  and  PS  =  368W 


Using  these  two  values,  the  maximum  efficiency  of  the  amplifier  is  found  as 


P  2  81  W 

11 = i x  100 = 5^ x  100  -  76-3« 


Practice  Problem  11.12 

Determine  the  efficiency  of  the  amplifier  described  in  Practice  Problems  11.10  and 
11.11. 


Example  11.13  shows  how  the  efficiency  of  the  class  B  amplifier  changes  when  the 
output  signal  is  reduced. 
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EXAMPLE  11.13 


Determine  the  efficiency  of  the  amplifier  used  in  Example  11.10  (Figure  11.25)  if 
the  load  voltage  is  reduced  by  50%  to  7.5  VPP. 

Solution:  The  value  of  /]  remains  at  6.91  mA  (as  calculated  in  Example  11.10) 
because  the  biasing  network  has  not  changed.  Since  the  amplifier  is  no  longer  dri¬ 
ven  to  compliance,  the  value  of  7C( ave)  is  calculated  as  follows: 


'PPlout) 


7.5  V 


'C(ave) 


2it. Rl  2tt(10  O) 


119.4  mA 


Thus,  the  circuit  has  a  total  current  of 


Icc  =  7,  +  7CCave)  =  6.91  mA  +  119.4  mA  =  126.31  mA 


Next,  the  total  power  drawn  from  the  power  supply  is  calculated.  Vcc  is  used  for 
this  calculation  because  it  stays  constant,  despite  the  change  in  output  voltage. 
Therefore, 


Ps  =  Vcclcc  =  (15  V)(126.31  mA)  =  1.89  W 


Next,  the  maximum  load  power  is  found  as 


o  _  Vpp  _  (7-5  V)2  _ 

£(max)  Ml  8(10  0)  703  W 


Finally,  the  amplifier  efficiency  is  found  as 


7S  *  m  '  1W¥  x  100  -  37M 


Practice  Problem  11.13 

Determine  the  efficiency  of  the  amplifier  described  in  Example  11.13  if  the  load 
voltage  is  11  VPP. 


11.4.8  Summary 

The  class  B  amplifier  is  a  two-transistor  circuit  that  has  a  higher  maximum  efficiency  rating 
than  common  class  A  amplifiers.  There  are  two  types  of  class  B  amplifiers:  the  push-pull 
amplifier  and  the  complementary-symmetry  amplifier.  Of  the  two,  the  complementary- 
symmetry  amplifier  is  more  commonly  used  for  two  reasons: 


A  Practical  Consideration: 
Transformer  inductive 
reactance  and  power  losses 
both  increase  as  frequency 
increases.  For  this  reason, 

•  complementary-symnae||g|S 
auipldieis  can  be  operated  at 


1.  The  complementary- symmetry  amplifier  does  not  require  the  use  of  transformers 
and,  thus,  is  cheaper  to  produce. 

2.  Since  the  complementary-symmetry  amplifier  doesn’t  have  a  transformer,  it  is  not 
subject  to  transformer  losses.  Thus,  it  has  higher  efficiency  than  a  comparable  push- 
pull  amplifier. 

The  two  transistors  in  a  class  B  amplifier  are  biased  at  cutoff.  When  a  signal  is  applied 
to  the  amplifier,  the  positive  alternation  of  the  signal  turns  one  transistor  on,  and  the  nega¬ 
tive  alternation  turns  the  other  transistor  on.  The  resulting  amplifier  output  is  a  signal  that 
has  a  peak-to-peak  value  approximately  equal  to  Vcc  (when  driven  to  compliance).  The 
dc  and  ac  characteristics  of  the  complementary-symmetry  amplifier  are  summarized  in 
Figure  11.26. 
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L(max)  -  8Rl 


lillliiii 


FIGURE  11.26 

1.  What  advantage  does  the  class  B  amplifier  have  over  the  class  A  amplifier?  ◄  Section  Review 

2.  What  are  the  two  common  types  of  class  B  amplifiers?  What  are  the  advantages  and 
disadvantages  of  each? 

3.  What  are  complementary  transistors ?  What  kind  of  amplifier  requires  the  use  of 
complementary  transistors? 

4.  Describe  the  operating  characteristics  of  the  class  B  amplifier. 

5.  What  are  the  typical  values  of  ICQ  and  VCEQ  for  a  class  B  amplifier? 

6.  What  is  the  typical  compliance  of  a  class  B  amplifier? 

7.  Why  is  the  practical  efficiency  rating  of  a  class  B  amplifier  less  than  the  maximum 
theoretical  value  of  78.5%? 


11.5  Class  AB  Amplifiers  (Diode  Bias) 


Up  to  this  point,  we  have  used  voltage-divider  bias  for  all  our  class  B  amplifiers.  Prob¬ 
lems  can  develop  with  the  class  B  amplifier  when  voltage-divider  bias  is  used: 

1.  Crossover  distortion  can  occur. 

2.  Thermal  runaway  can  occur. 
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Diode  bias 

A  biasing  circuit  that  uses  two 
diodes  in  place  of  the  resistor(s) 
between  the  bases  of  the  two 
transistors. 

Compensating  diodes 

Diodes  used  in  the  bias  circuit 
of  a  class  AB  amplifier  with 
forward  voltage  ratings  that 
match  the  transistor  VBE  ratings. 


A  biasing  circuit  often  used  to  eliminate  the  problems  of  crossover  distortion  and 
thermal  runaway  is  shown  in  Figure  11.27.  The  circuit  shown,  called  diode  bias,  uses 
two  diodes  in  place  of  the  resistor(s)  between  the  transistor  bases.  The  diodes  in  the 
bias  circuit,  called  compensating  diodes,  are  chosen  to  match  the  characteristic  values 
of  VBE  for  the  two  transistors.  As  you  will  see,  the  diodes  eliminate  both  crossover 
distortion  and  thermal  runaway  when  they  are  properly  matched  to  the  amplifier 
transistors. 
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FIGURE  11.27  Diode  biasing. 


When  diode  bias  is  used,  an  amplifier  like  the  one  in  Figure  1 1 .27  is  referred  to  as  a 
class  AB  amplifier.  This  type  of  operation  is  defined  and  discussed  in  detail  later  in  this 
section. 


11.5.1  Diode  Bias  DC  Characteristics 

You  may  recall  that  the  transistors  in  a  class  B  amplifier  are  biased  at  cutoff,  causing 
the  value  of  ICq  for  the  amplifier  to  be  approximately  equal  to  zero.  When  diode  bias 
is  used,  the  transistors  are  actually  biased  just  above  cutoff;  that  is,  there  is  some  mea¬ 
surable  value  of  ICq  when  diode  bias  is  used.  This  point  is  illustrated  with  the  help  of 
Figure  1 1.28. 
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FIGURE  11.28 
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To  understand  the  operation  of  the  circuit  shown,  we  must  start  with  a  few  assumptions: 

1.  VCEQ  is  approximately  half  the  value  of  Vcc,  as  is  shown  in  the  figure. 

2.  The  current  through  R2  causes  5.3  V  to  be  developed  across  this  resistor. 

Assuming  the  above  conditions  are  met,  the  base  of  Q2  is  at  5.3  V  and  VE  of  Q2  equals  Lab  Reference:  The  dc  operation 
6  V.  Since  VB  for  this  pnp  transistor  is  0.7  V  more  negative  than  VE,  Q2  conducts.  °f  a  class  AB  amplifier  is 

With  1.4  V  developed  across  the  biasing  diodes,  VB  of  Qx  is  at  5.3  V  +  1.4  V  =  6.7  V.  demonstrated  in  Exercise  14. 

The  value  of  VE  for  Qx  is  6  V,  as  is  shown  in  the  figure.  Since  VB  for  this  npn  transistor  is 
0.7  V  more  positive  than  VE,  Qx  also  conducts.  Thus,  both  transistors  in  the  diode-biased 
amplifier  conduct,  and  some  measurable  value  of  Ic  is  present,  as  shown  in  Figure  1 1.29. 


FIGURE  11.29 


Now,  let’s  take  a  look  at  the  assumptions  we’ve  made  and  where  they  came  from. 
Even  though  we  have  changed  the  transistor  biasing  circuit,  the  output  transistors  are  in 
the  same  configuration  as  they  were  in  the  standard  class  B  amplifier.  Thus,  the  dc  load 
line  characteristics  of  the  amplifier  haven’t  changed,  and  VCEQ  is  always  approximately 
half  of  Vcc. 

To  understand  where  the  assumed  value  of  VR2  =  5.3  V  came  from,  we  have  to  look  at 
the  operation  of  the  biasing  circuit.  The  total  voltage  across  the  two  resistors  in  the  bias¬ 
ing  circuit  equals  the  difference  between  Vcc  and  the  1.4  V  drop  across  the  diodes.  By 
formula, 

V*i  +  V*2  =  Vcc  -  1.4  V 

Using  the  voltage-divider  equation,  we  can  find  the  value  of  VR2  as 


Since  VB(Q2)  —  VR2,  the  equation  above  can  be  rewritten  as 

;*W)  =  (VcC  ~  lA  V)  (1L33) 


When  Rx  =  R2  (as  was  the  case  with  the  circuit  in  Figure  1 1.28),  the  fraction  in  equation 
(1 1.33)  equals  Vi,  and  the  equation  can  be  rewritten  as 


p  -  0.7  V 


Don ’t  Forget: 

Vcc 
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or 


VB(Q2)  =  VCEQ  -  0.7  V  :  (when  -  R2)  (11.34) 


A  Practical  Consideration: 

The  values  of  the  biasing 
resistors  must  be  low  enough  to 
allow  the  diodes  and  the 
transistor  base-emitter  junctions 
to  conduit  Normally,  ibe 


Equation  (11.34)  is  important  for  several  reasons:  First,  it  points  out  that  Q2  (and,  thus, 
<20  is  automatically  biased  properly  when  Rx  =  R2.  The  exact  values  of  the  resistors  are 
relatively  unimportant  as  long  as  they  are  equal.  When  R  \  =  R2,  you  can  assume  that  the 
base  voltages  are  equal  to  VCEq  ±  0.7  V.  When  R]  +  R2,  you  must  use  equation  (11.30)  to 
find  the  value  of  VB(Q2l  and  then  add  1.4  V  to  this  value  to  find  Vll(Ql).  The  second  reason 
that  equation  (11.34)  is  so  important  is  because  almost  all  diode-biased  circuits  are 
designed  with  equal-value  resistors.  Thus,  equation  (11.34)  is  used  far  more  often  than 
equation  (11.33). 

You  may  be  wondering  at  this  point  why  we  didn’t  consider  the  values  of  Im  and  1B2  in 
our  analysis  of  the  biasing  circuit.  The  reason  is  simple:  When  the  transistors  are  properly 
matched,  Im  and  IB2  are  equal  in  value.  Therefore,  the  resistor  currents  (/,  and  I2 )  are  also 
equal  in  value. 

When  diode  bias  is  used,  the  value  of  lx  (which  is  needed  in  the  calculation  of  Icc)  is 
found  as 


Vcc-  1-4V 

/?,  +  Ri 


(11.35) 


Again,  we  do  not  need  to  consider  the  effects  of  Im  and  IB2  since  they  do  not  affect  the 
resistor  current  values. 


11.5.2  Class  AB  Operation 

OBJECTIVE  9  ►  You  have  been  told  that  ICQ  has  some  measurable  value  when  diode  bias  is  used.  For  this 
reason,  the  amplifier  cannot  technically  be  classified  as  a  class  B  amplifier.  This  point  is 
illustrated  with  the  help  of  Figure  1 1 .30,  which  shows  a  typical  input  waveform  for  the 
circuit  in  Figure  1 1 .29. 


The  alternations  shown  in 
Figure  1 1.30  are  offset  to 
illustrate  a  point  In  reality,  the 


FIGURE  11.30 


Class  AB  amplifier 

An  amplifier  that  typically 
contains  two  (or  more) 
transistors,  each  conducting  for 
more  than  180°  and  less  than 
360°  of  the  input  cycle. 


To  simplify  our  discussion,  we  are  going  to  make  an  assumption:  A  transistor  conducts 
until  its  base  and  emitter  voltages  are  equal,  at  which  time  it  turns  off.  With  this  in  mind, 
let’s  look  at  the  circuit’s  response  to  the  waveform  shown  in  Figure  1 1 .30. 

Qx  (in  Figure  1 1 .29)  conducts  as  long  as  its  base  voltage  is  more  positive  than  6  V.  The 
value  of  VB  drops  to  6  V  at  t,  and  t3  because  the  -0.7  V  value  of  vin  subtracts  from  the 
6.7  V  value  of  VB(e]).  Thus,  we  can  assume  that  Qx  conducts  for  the  entire  time  between 
/,  and  t3.  The  same  principle  applies  to  Q2.  At  t2  and  t4,  Q2  turns  off,  because  the  +0.7  V 
value  of  vin  adds  to  the  value  of  VB(q2),  causing  VB  and  V E  to  be  equal.  Thus,  Q2  conducts 
for  the  entire  time  between  t2  and  t4. 

As  you  can  see,  the  transistors  in  the  diode  bias  circuit  each  conduct  for  slightly  more 
than  180°.  Because  of  this,  the  circuit  is  classified  as  a  class  AB  amplifier.  In  class  AB 
operation,  the  transistors  conduct  for  a  portion  of  the  input  cycle  that  is  greater  than  180° 
and  less  than  360°. 
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While  the  diode  bias  circuit  is  technically  classified  as  a  class  AB  amplifier,  most  tech¬ 
nicians  simply  refer  to  it  as  a  class  B  amplifier.  This  is  because  of  the  strong  similarities 
in  operation  between  the  two  types  of  amplifiers. 

11.5.3  Eliminating  Crossover  Distortion 

Since  both  transistors  in  the  class  AB  amplifier  are  conducting  when  the  input  signal  is  at 
0  V,  the  amplifier  does  not  have  the  crossover  distortion  problems  that  the  class  B  ampli¬ 
fier  may  have.  Crossover  distortion  occurs  only  when  both  transistors  are  in  cutoff,  so  the 
problem  does  not  normally  occur  in  class  AB  amplifiers. 


11.5.4  Eliminating  Thermal  Runaway 

For  diode  bias  to  eliminate  the  problem  of  thermal  runaway,  two  conditions  must  be  met: 

1.  The  diodes  and  the  transistor  base-emitter  junctions  must  be  very  nearly  perfectly 
matched. 

2.  The  diodes  and  the  transistors  must  be  in  thermal  contact.  This  means  that  they  must 
be  in  physical  contact  with  each  other  (or  a  common  surface)  so  that  the  operating 
temperatures  of  the  diodes  always  equal  the  operating  temperatures  of  the  transistors. 

When  the  diodes  and  transistors  are  matched,  the  forward  voltage  drops  across  the  diodes 
(VVi  and  Vh2)  are  approximately  equal  to  the  VBE  drops  of  the  transistors  (all  other  factors 
being  equal).  In  other  words,  as  long  as  their  operating  temperatures  are  the  same, 


and 


VVi  —  Vbe(,q\) 


Vn  ~>Vbe(,q2) 

When  the  transistors  are  in  thermal  contact  with  the  diodes,  all  the  components  experi¬ 
ence  the  same  operating  temperature.  Thus,  if  the  operating  temperatures  of  the  transis¬ 
tors  increase  by  a  given  amount,  the  operating  temperatures  of  the  diodes  increase  by  the 
same  amount,  and  the  values  of  VF  and  VBE  remain  approximately  equal.  With  this  in 
mind,  let’s  take  a  look  at  the  circuit  response  to  an  increase  in  temperature. 

You  may  recall  from  our  discussion  on  temperature  versus  diode  conduction  that  an 
increase  in  diode  temperature  causes  a  slight  increase  in  diode  current  and  a  slight 
decrease  in  the  value  of  VF.  Assuming  that  the  increases  in  transistor  and  diode  tempera¬ 
ture  are  equal,  here’s  what  happens: 

1.  The  increase  in  diode  temperature  causes  the  1.4  V  drop  across  Dx  and  D2  to 
decrease.  At  the  same  time,  1D  increases  (see  Figure  1 1.29). 

2.  With  the  decrease  in  diode  voltage,  Ix  and  I2  increase.  This  causes  the  voltages 
across  Rt  and  R2  to  increase. 

3.  With  the  increases  in  the  resistor  voltages,  the  value  of  VB(Q1)  decreases  [VB(ei)  = 
Vcc  -  Vk|],  and  the  value  of  VB<Q2}  increases. 

4.  The  changes  in  base  voltage  bring  the  values  of  VB  closer  to  the  value  of  VE  for  the 
two  transistors,  reducing  the  forward  bias  on  the  transistors. 

5.  The  reduction  in  forward  bias  decreases  IB,  causing  a  decrease  in  Ic.  The  decrease 
in  Ic  prevents  thermal  runaway  from  occurring. 

As  you  can  see,  diode  bias  reduces  the  chance  of  thermal  runaway.  The  diodes  can  be 
placed  in  thermal  contact  with  the  power  transistors  in  one  of  several  ways: 

1.  Attached  to  the  heat-sink  tab  of  a  power  transistor. 

2.  Attached  to  the  heat  sink  on  which  a  transistor  is  mounted. 

When  replacing  power  transistors  in  a  class  AB  amplifier,  you  must  reattach  the  compen¬ 
sating  diodes  to  their  original  location  for  continued  thermal  protection. 


◄  OBJECTIVE  10 


Thermal  contact 

Placing  two  or  more 
components  in  physical  contact 
with  each  other  (or  a  common 
surface)  so  that  their  operating 
temperatures  are  equal. 
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Some  class  B  and  AB  amplifiers  have  two  additional  resistors  in  the  emitter  output  cir¬ 
cuit.  These  resistors,  shown  in  Figure  11.31,  act  as  swamping  resistors,  reducing  the 
effects  of  minor  characteristic  differences  between  the  matched  transistor  pair.  The  resis¬ 
tors  typically  have  low  values,  in  the  range  of  0.1  to  0.47  ft.  Because  the  swamping  resis¬ 
tors  form  voltage  dividers  with  the  load,  any  replacement  resistor  must  have  the  same 
value  as  the  original,  or  the  result  will  be  a  distorted  output. 


A  Practical  Consideration: 
Swamping  resistors  like  those 
shown  in  Figure  1 1.3 1  are 
available  in  3-pin,  2-resistor 
lCs.  These  resistors,  which  me 
C0e4  cement  metal  plate  ^ 
resistors.  J§  typical 


+Vt 


cc 


Swamping 

resistors 


FIGURE  11.31  Emitter  output  circuit. 

1 1.5.5  Class  AB  Amplifier  Analysis 


OBJECTIVE  11  ►  We  can  now  use  the  information  on  dc  biasing  to  approach  the  process  for  analyzing  a 
class  AB  amplifier.  For  this  discussion,  we  will  use  the  example  circuit  shown  in  Figure 
11.32a. 
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FIGURE  11.32  Class  AB  amplifier  and  its  ac  load  line. 


lc  (mA) 


Lab  Reference:  The  ac  operation 
of  the  class  AB  amplifier  is 
demonstrated  in  Exercise  14. 


We  will  start  our  analysis  by  determining  the  values  of  i'c(sat)  and  vce(off).  For  this  circuit, 
ic( Sat)  is  found  as 


4lsat) 


Vci 

2  Rl 


12  V 
16  ft 


mmm 


438 


Chapter  11  Power  Amplifiers 


and  vcc(off)  is  found  as 


Vce(off) 


'CC 


6  V 


Using  these  two  values,  the  ac  load  line  in  Figure  1 1.32b  is  plotted. 
Next,  we  determine  the  value  of  The  value  of  /,  is  found  as 

,  Vcc~l-4V  12  V -1.4  V 

1  1020  ft  ‘  *” 

The  average  current  in  the  collector  circuit  of  the  amplifier  is  found  as 

Vcc  12  V 


lc 


Cl(ave) 


2ttRl  2it(8  ft) 


=  238.7  mA 


Using  this  value  and  the  value  of  7,  calculated  earlier,  we  can  find  the  value  of  Icc  as 

Ice  —  fci(ave)  +  h  ~  238.7  mA  +  10.4  mA  =  249.1  mA 

Now,  we  can  calculate  the  total  power  drawn  from  the  supply  as 

Ps  =  VcCIcc  =  (12  V)(249.I  mA)  =  2.99  W 

Assuming  the  amplifier  is  being  driven  to  compliance  (UPP  =  Vcc),  we  can  calculate 
the  maximum  load  power  as 


p  _  _  (12' 

L  %RL  8(8 ! 

*  ~125W 

Finally,  the  maximum  efficiency  of  the  amplifier  is  found  as 

Pr  2  25  W 

T1  =  X  100  =  — — -  X  100  =  75.25% 

Ps  2.99  W 

As  you  can  see,  the  basic  analysis  of  a  class  AB  amplifier  is  actually  fairly  simple.  In 
fact,  with  the  exception  of  the  /,  calculation,  it  is  identical  to  the  analysis  of  the  standard 
class  B  amplifier.  When  you  deal  with  a  standard  class  B  amplifier,  /,  is  found  by  divid¬ 
ing  VCc  by  the  total  series  base  resistance.  When  dealing  with  the  class  AB  amplifier,  you 
must  take  the  diode  voltage  drops  into  account. 

The  class  AB  amplifier  is  used  far  more  commonly  than  the  standard  class  B  amplifier. 
For  this  reason,  we  will  concentrate  on  the  class  AB  amplifier  from  this  point  on.  Just 
remember,  except  for  the  biasing  circuit  and  the  value  of  ICQ,  the  class  AB  and  the  class  B 
amplifiers  are  nearly  identical.  In  fact,  the  term  class  B  is  commonly  used  to  describe 
both  amplifier  types. 


1.  What  are  the  two  primary  problems  that  can  occur  in  standard  class  B  amplifiers? 
What  type  of  circuit  is  used  to  eliminate  these  problems? 

2.  Explain  how  the  diode  bias  circuit  develops  the  proper  values  of  VB  for  the  amplifier 
transistors. 

3.  How  do  you  find  the  values  of  VB  in  a  diode  bias  circuit  when  Rx  =  AS? 

4.  How  do  you  find  the  values  of  VB  in  a  diode  bias  circuit  when  Rl  A  /?2? 

5.  What  is  class  AB  operation ? 

6.  How  does  the  class  AB  amplifier  eliminate  crossover  distortion? 


◄  Section  Review 
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7.  How  does  the  class  AB  amplifier  eliminate  thermal  runaway? 

8.  List,  in  order,  the  steps  you  would  take  to  perform  the  complete  analysis  of  a  class 
AB  amplifier. 

9.  Why  is  the  class  AB  amplifier  often  referred  to  as  a  class  B  amplifier? 


11.6  Class  AB  Amplifiers:  Troubleshooting 
and  Circuit  Configurations 


In  this  section,  we  will  concentrate  on  some  of  the  faults  that  may  develop  in  the  diode- 
biased  complementary-symmetry  amplifier.  We  also  discuss  some  techniques  you  can  use 
to  isolate  these  faults.  At  the  end  of  the  section,  you  will  be  introduced  to  some  other 
biasing  circuits  for  class  AB  amplifiers.  Although  they  are  a  bit  more  complex  than  the 
basic  diode  bias  circuit,  they  each  serve  their  own  purpose.  Do  not  let  the  more  complex 
circuits  fool  you.  They  may  contain  more  components  than  the  amplifiers  discussed  pre¬ 
viously,  but  they  work  in  the  same  basic  fashion. 


11.6.1  Troubleshooting 

Class  AB  amplifiers  can  be  more  difficult  to  troubleshoot  than  class  A  amplifiers  because 
of  the  dual-transistor  configuration.  Any  of  the  standard  transistor  faults  can  develop  in 
either  of  the  two  transistors.  However,  there  are  some  techniques  you  can  use  that  will 
make  troubleshooting  these  amplifiers  relatively  simple. 

The  first  step  in  troubleshooting  a  class  AB  amplifier  is  the  same  as  with  any  ampli¬ 
fier:  You  must  make  sure  that  the  amplifier  is  the  source  of  the  trouble.  For  example, 
assume  that  the  two-stage  amplifier  shown  in  Figure  11.33  is  not  working  (there  is  no 
output  signal).  For  this  circuit,  three  checks  must  be  made  before  you  can  assume  there  is 
a  problem  with  the  class  AB  amplifier: 

1.  You  must  verify  that  the  Vcc  and  ground  connections  in  the  class  AB  amplifier  are 
good. 

2.  You  must  disconnect  the  load  to  make  sure  that  it  is  not  loading  down  the  amplifier 
and  preventing  it  from  working. 

3.  You  must  be  sure  that  the  class  AB  amplifier  is  getting  the  proper  input  from  the 
first  stage. 


Lab  Reference:  The  operation  of  a 
two-stage  amplifier  similar  to  the 
one  in  Figure  1 1.33  is 
demonstrated  in  Exercise  15. 


FIGURE  11.33 


Picture  this:  You  spend  an  hour  troubleshooting  the  class  AB  amplifier,  only  to  dis¬ 
cover  that  the  Stage  1  amplifier  was  the  source  of  the  fault!  (This  may  sound  a  bit  far¬ 
fetched,  but  99  out  of  100  technicians  would  admit  to  having  done  something  like  this  at 
one  time  or  another). 
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Many  times,  an  amplifier  malfunction  is  caused  by  its  supporting  circuitry.  By  check¬ 
ing  each  of  the  conditions  noted,  the  process  of  troubleshooting  can  be  greatly  simplified. 

The  first  two  places  to  check  when  troubleshooting  an  amplifier  are  VCc  and  ground. 

By  verifying  that  you  have  the  proper  Vcc  and  ground  connections,  you  have  eliminated 
any  problem  that  could  have  been  caused  by  blown  fuses,  disconnected  plugs,  or  a  faulty 
power  supply. 

Next,  make  sure  that  the  load  is  not  the  source  of  the  problem.  A  shorted  load  will 
always  prevent  an  amplifier  from  having  an  output.  If  you  disconnect  the  load  and  the 
amplifier  starts  to  work  properly,  then  the  load  is  the  cause  of  the  problem.  Once  the  load 
has  been  verified  as  being  good,  check  the  output  from  the  source  amplifier.  As  stated  ear¬ 
lier,  the  source  amplifier  must  be  isolated  when  checking  its  output  signal.  Isolating  the 
source  amplifier  can  normally  be  accomplished  by  removing  the  coupling  component(s) 
between  the  source  amplifier  and  the  class  AB  amplifier.  If  the  output  from  the  isolated 
source  amplifier  is  good,  then  the  class  AB  amplifier  is  the  source  of  the  problem. 

When  a  class  AB  amplifier  has  been  determined  to  be  faulty,  some  relatively  simple  volt-  After  disconnecting  the  signal 

age  checks  can  be  performed  while  the  circuit  is  still  isolated  from  its  signal  source.  Figure  sQU(x^jj^|onii  tj^  dG  .yoltag? 

1 1.34  shows  the  types  of  readings  you  should  get  in  a  class  AB  amplifier  when  it  has  been  Lvhecks. _ 

isolated  and  all  the  components  are  working  properly.  (The  meter  readings  are  specific  to  the 
circuit,  but  the  relationships  shown  by  the  meters  apply  to  class  AB  amplifiers  in  general.) 

With  most  class  A  amplifiers,  the  troubleshooting  procedure  begins  with  analyzing  the 
emitter  and  collector  voltages  of  the  transistor  and  then  working  your  way  back  to  the 
input.  The  procedure  is  essentially  the  same  for  the  class  AB  amplifier.  We  check  the  volt¬ 
age  at  the  point  where  the  two  emitters  are  connected,  and  then  we  check  the  base  volt¬ 
ages.  Table  11.1  summarizes  some  common  faults  and  their  symptoms.  The  test  points 
referenced  in  the  table  are  shown  in  Figure  11.35. 
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FIGURE  11.34  Typical  class  AB  amplifier  dc  voltages.  FIGURE  11.35  Commonly  used  dc  test  points. 

TABLE  11.1  Open-Component  Troubleshooting 

Open  Component  Symptoms 

R2  All  test  point  voltages  will  be  higher  than  normal. 

Di  or  D 2  The  voltage  from  TP3  to  TP,  will  be  higher  than  normal. 

The  voltage  across  the  good  diode  will  be  near  0  V. 

R  i  All  test  point  voltages  will  be  close  to  0  V. 

Qi  All  base  circuit  voltages  will  be  normal.  The  voltage  at  TP4  will  be  very  low. 

Q2  All  base  circuit  voltages  will  be  normal.  The  voltage  at  TP4  will  be  slightly 

higher  than  normal 
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What  should  you  do  if  you 

suspect  the  transistors  are. 


If  the  dc  voltages  in  the  circuit  appear  to  be  within  tolerance  and  the  amplifier  does  not 
work,  simply  replace  both  transistors.  This  saves  the  time  required  for  testing  to  see 
which  transistor  is  faulty.  Besides,  if  one  of  the  transistors  has  gone  bad,  odds  are  that  it 
has  damaged  the  other  in  the  process.  Therefore  both  transistors  should  be  replaced.  To 
help  you  get  more  comfortable  with  the  information  in  this  section,  we  will  go  through 
some  troubleshooting  applications. 


Application  11.1 


The  circuit  shown  in  Figure  1 1 .36  has  no  output  signal.  After  checking  the  load,  the  Vcc  connection, 
and  the  ground  connections,  the  source  is  isolated  from  the  amplifier.  When  checked,  the  output  sig¬ 
nal  from  the  source  amplifier  appears  to  be  good,  indicating  that  the  class  AB  amplifier  is  the  source 
of  the  fault.  While  isolated  from  the  source,  a  voltmeter  is  used  to  obtain  the  readings  shown. 
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FIGURE  11.36 


The  voltage  at  TP,  is  higher  than  normal,  the  voltage  at  TP3  is  lower  than  normal,  and  VD2  =  0  V. 
This  combination  of  readings  points  to  a  shorted  D2  as  the  source  of  the  fault.  Replacing  the  biasing 
diodes  solves  the  problem.  ■ 


Application  11.2 


The  circuit  in  Figure  1 1.37a  is  tested.  The  results  are  shown  in  the  diagram.  The  readings  in  Figure 
1 1.37a  indicate  that  an  open  diode  is  in  the  biasing  circuit.  A  resistance  check  on  D2  indicates  that  it 
is  the  open  diode. 


+16  V  +16  V 


(a)  (b) 


FIGURE  11.37 

442  Chapter  11  Power  Amplifiers 


When  D2  is  replaced,  the  circuit  readings  change  to  those  shown  in  Figure  11.37b.  These  read¬ 
ings  indicate  that  D,  has  shorted.  Replacing  D,  causes  the  circuit  to  operate  properly  again.  ■ 


What  problem  is  indicated  by  the  readings  in  Figure  1 1.38?  What  would  you  do  to  repair  the  prob¬ 
lem?  (Assume  that  the  amplifier  inputs  all  check  out  and  that  the  load  is  not  the  problem.)  The 
answer  can  be  found  after  Application  1 1 .4.  ■ 


Application  11.3 
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FIGURE  11.38 


Figure  11.39a  shows  the  initial  readings  in  a  faulty  amplifier.  All  outside  factors  have  been  elimi¬ 
nated  as  being  the  cause  of  the  problem.  The  readings  indicate  that  R2  is  open.  After  replacing  R2, 
the  circuit  test  points  are  checked  again,  giving  the  readings  shown  in  Figure  1 1 .39b.  These  read¬ 
ings  indicate  that  D2  is  shorted.  Replacing  this  component  (and  its  matching  diode)  restores  normal 
operation  to  the  circuit.  ■ 


Application  11.4 


+8  V  +8  V 


(a)  (b) 

FIGURE  11.39 


In  Application  1 1.3,  all  the  biasing  voltages  are  correct.  The  only  logical  assumption  at 
this  point  would  be  that  there  is  a  problem  with  one  of  the  transistors.  Therefore,  the  next 
step  would  be  to  replace  both  transistors. 
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11.6.2  Other  Class  AB  Amplifiers 

Now,  we  will  look  at  a  few  other  types  of  class  AB  amplifiers  and  biasing  circuits.  The 
purpose  of  this  discussion  is  not  to  teach  you  everything  about  these  circuits  but,  rather,  to 
introduce  you  to  some  alternative  circuit  configurations. 

In  each  circuit  you’ve  seen  so  far,  the  input  signal  has  been  coupled  to  the  class  AB 
amplifier  via  a  pair  of  capacitors  connected  to  the  transistor  bases.  Two  more  commonly 
used  input-coupling  methods  are  shown  in  Figure  1 1 .40.  The  circuit  in  Figure  1 1 .40a  uses  a 
single  coupling  capacitor  connected  between  the  diodes  in  the  biasing  circuit.  This  coupling 
circuit  has  the  advantage  of  requiring  only  one  input  capacitor.  However,  it  has  the  dis¬ 
advantage  of  a  slightly  lower  maximum  peak-to-peak  output.  In  other  words,  the  amplifier 
cannot  be  driven  to  compliance,  though  the  loss  in  maximum  output  amplitude  is  slight. 


Vcc 


vcc 


(a)  Single-capacitor  input  (b)  Transistor-driver  input 

FIGURE  11.40  More  commonly  used  input  coupling  circuits. 


Lab  Reference:  The  operation  of  a 
transistor  driver  (like  the  one  in 
Figure  1 1 .40b)  is  demonstrated  in 
Exercise  15. 


The  circuit  shown  in  Figure  11.40b  uses  a  transistor  driver  (Q3)  for  the  class  AB 
amplifier.  When  a  signal  is  applied  to  the  driver  input,  the  output  (vce)  changes  as  it  would 
for  any  class  A  amplifier.  This  output  signal  is  coupled  directly  to  the  base  of  <22,  and  the 
base  of  Qt  (via  the  diodes).  The  lower  ac  resistance  of  the  diodes  (as  compared  to  that  of 
the  resistors)  allows  the  input  signal  to  be  applied  to  the  two  transistor  bases  with  near¬ 
equal  amplitude.  One  advantage  of  this  type  of  coupling  is  that  the  input  impedance  of 
the  driver  is  greater  than  that  of  a  capacitor-coupled  class  AB  amplifier.  As  a  result,  the 
circuit  presents  less  of  a  load  to  its  source. 

The  Darlington  complementary-symmetry  amplifier,  shown  in  Figure  11.41a,  has  two 
Darlington  pairs  in  its  output  circuit.  The  Darlington  pairs  increase  the  input  impedance  of 
the  class  AB  amplifier,  which  reduces  the  loading  of  the  source  circuit.  Also,  you  may  recall 
that  a  Darlington  pair  has  extremely  high  current  gain.  This  makes  the  amplifier  suitable  for 
applications  where  high  load  power  is  required.  As  you  know,  power  gain  is  found  as 


Since  the  value  of  A,  is  much  higher  for  a  Darlington  pair  than  it  is  for  a  single  transistor, 
the  power  gain  of  the  Darlington  class  AB  amplifier  is  much  greater  than  that  of  a  stan¬ 
dard  push-pull. 

Note  the  four  biasing  diodes  between  the  bases  of  Q,  and  Q4.  Four  diodes  are  needed 
to  compensate  for  the  1 .4  V  value  of  VBE  for  each  Darlington  pair.  Since  each  pair  has  a 
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(a)  Darlington  class  AB  amplifier 

FIGURE  11.41  Darlington  and  transistor-biased  amplifiers. 


(b)  Transistor-biased  amplifier 


VBE  of  1.4  V,  there  is  a  2.8  V  difference  of  potential  between  the  bases  of  Qx  and  Q4.  The 
four  diodes,  when  properly  matched,  will  maintain  the  2.8  V  difference. 

The  transistor-biased  complementary-symmetry  amplifier  uses  transistors  (rather  than 
diodes)  in  the  biasing  circuit.  This  amplifier  is  shown  in  Figure  11.41b.  The  amplifier  is 
used  primarily  in  circuits  that  contain  integrated  (IC)  transistors.  Note  that  the  biasing 
transistors  are  wired  so  that  they  act  as  diodes.  The  collector-base  junction  of  each  bias¬ 
ing  transistor  is  shorted,  leaving  only  an  emitter-base  junction  in  the  circuit.  This  junction 
acts  as  a  simple  diode.  Why  go  to  the  trouble  of  using  transistors  in  the  biasing  circuit? 
Most  transistor  ICs  contain  four  transistors.  By  using  the  extra  transistors  in  an  IC  as  the 
biasing  diodes,  you  ensure  that  the  diodes  are  perfectly  matched  to  the  circuit  transistors 
(Qt  and  Q2).  At  the  same  time,  the  fact  that  the  transistors  are  all  housed  in  a  single  IC 
limits  its  use  to  low-power  applications. 

When  the  output  from  a  class  AB  amplifier  must  be  centered  around  0  V  (instead  of 
around  the  value  of  Vcc/2),  the  split-supply  class  AB  amplifier  may  be  used.  This  ampli¬ 
fier  is  shown  in  Figure  11.42.  The  two  power  supply  connections  for  this  circuit  will  be 
equal  and  opposite  in  polarity.  For  example,  voltage  supplies  of  ±  10  V  may  be  used,  but 
voltage  supplies  of  ±10  and  —5  V  would  not  be  used.  With  matched  power  supplies, 
each  transistor  will  drop  its  own  supply  voltage,  and  the  output  signal  will  be  centered  at 
0  V.  This  allows  the  circuit  to  be  directly  coupled  to  the  load,  as  shown  in  Figure  1 1 .42. 

There  are  many  different  biasing  configurations  for  class  AB  amplifiers.  When  you 
come  up  against  a  biasing  circuit  you  have  never  seen  before,  just  remember  the  basic 
principles  of  class  B  and  class  AB  operation.  Within  reason,  the  operation  of  any  class  B 
or  class  AB  amplifier  will  follow  these  principles. 


1.  What  is  the  first  step  in  troubleshooting  a  class  AB  amplifier  (or  any  other  amplifier,  ◄  Section  Review 
for  that  matter)? 

2.  Why  are  class  AB  amplifiers  more  difficult  to  troubleshoot  than  class  A  amplifiers? 

3.  What  is  the  general  approach  to  troubleshooting  a  class  AB  amplifier? 

4.  You  are  troubleshooting  a  class  AB  amplifier  and  come  to  the  conclusion  that  the 
trouble  is  one  of  the  two  transistors.  Briefly  discuss  the  reasons  for  replacing  both 
transistors  rather  than  only  one  of  them. 
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FIGURE  11.42  Dual-polarity  class  AB  amplifier. 


Critical  Thinking  ► 


5.  What  is  the  advantage  of  using  a  single  capacitor-coupled  input  to  a  class  AB  amplifier? 

6.  What  is  the  advantage  of  using  a  transistor  driver  to  couple  an  input  signal  to  the 
class  AB  amplifier? 

7.  When  is  the  Darlington  complementary-symmetry  amplifier  used? 

8.  Why  are  four  biasing  diodes  needed  in  the  Darlington  complementary-symmetry 
amplifier? 

9.  When  is  transistor  biasing  used  in  place  of  diode  biasing? 

10.  When  is  a  split-supply  class  AB  amplifier  used? 

11.  Could  a  transistor  driver  like  the  one  in  Figure  1 1 .40b  be  used  in  a  class  B  amplifier? 
Explain  your  answer. 


11.7  Related  Topics 


In  this  section,  we  look  at  a  few  topics  that  relate  to  power  amplifiers,  specifically  maxi¬ 
mum  power  ratings  and  calculations  and  the  use  of  heat  sinks. 

11.7.1  Maximum  Power  Ratings 

OBJECTIVE  12  ►  You  may  recall  that  transistors  have  a  maximum  power  dissipation  rating.  When  consider¬ 
ing  a  transistor  for  a  specific  power  amplifier  application,  you  must  make  sure  that  the 
power  dissipation  rating  of  the  transistor  is  sufficient  for  that  application.  For  example, 
the  specification  sheet  for  the  2N3904  (Figure  6.28)  shows  a  f7Xmax)  rating  of  625  mW. 
You  cannot  use  the  2N3904  in  any  circuit  that  requires  its  transistor  to  dissipate  more 
than  625  mW. 

How  do  you  determine  the  amount  of  power  a  transistor  will  have  to  handle  in  a  spe¬ 
cific  circuit?  For  class  A  amplifiers,  use  the  equation 


Pd  -  VceqIcq 


For  class  B  and  class  AB  amplifiers,  use  the  equation 


Pn  = 


Vw 
40  Rl 


(11.36) 


(11.37) 
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to  find  the  PD  of  the  individual  transistor.  The  derivations  of  these  equations  are  fairly 
involved  and  are  provided  in  Appendix  D.  Examples  11.14  and  11.15  show  how  the  equa¬ 
tions  are  used  to  determine  the  transistor  power  requirements  of  class  A  and  class  AB 
amplifiers. 

EXAMPLE  11.14  _ 

What  is  the  value  of  PD  for  the  transistor  in  Figure  11.43? 


+10V 


FIGURE  11.43 


Solution:  Using  the  established  procedure,  ICq  and  VCEq  are  found  to  be 
l  CO  =  1  mA  and  VCEq  =  5.3  V 
Using  these  two  values,  PD  is  found  as 


Practice  Problem  11.14 

A  class  A  amplifier  has  the  following  values:  RE  =  1 .2  fl,  Rc  =  2.7  kO,  VCc  = 
16  V,  and  VE  =  2.4  V.  Determine  the  value  of  PD  for  the  transistor  in  the  amplifier. 


EXAMPLE  11.15 _ 

What  is  the  value  of  PD  for  each  transistor  in  Figure  1 1 .44?  (Assume  that  the  output 
is  equal  to  the  compliance  of  the  amplifier.) 

Solution:  The  compliance  of  the  amplifier  is  12  V.  Thus,  VPP  =  12  V,  and 


(40X8  0) 
_  144  V2 
~  32011 

=  450  mW 


Practice  Problem  11.15 

A  class  AB  amplifier  with  values  of  Vcc  =  15  V  and  RL  =  12  H  is  driven  to  com¬ 
pliance.  Determine  the  value  of  PD  for  each  transistor  in  the  circuit. 
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FIGURE  11.44 


11.7.2  Component  Cooling 

When  a  large  number  of  components  are  used  in  an  enclosed  system  (such  as  a  computer 
or  stereo),  the  heat  generated  by  those  components  causes  the  system  temperature  to  rise. 
As  the  temperature  rises,  component  operating  temperature  limits  can  become  an  impor¬ 
tant  consideration.  In  extreme  cases,  high  temperatures  may  exceed  the  maximum  allow¬ 
able  junction  temperatures  for  the  semiconductors  if  some  method  of  component  cooling 
is  not  used. 

You  may  recall  that  the  power  dissipation  capability  of  a  component  is  derated  when 
the  temperature  rises  above  a  certain  value.  For  example,  the  spec  sheet  for  the  2N3771 
power  transistor  (Figure  6.37)  lists  the  following  values: 


PD  =  150  W  (maximum)  at  Tc  =  25°C 
Derating  factor  =  0.855  W/°C  (above  Tc  ~  25°C) 


where  Tc  is  the  case  temperature  of  the  component.  These  ratings  indicate  that  the  maxi¬ 
mum  power  dissipation  (150  W)  must  be  decreased  by  8.55  raW  for  each  degree  the  case 
temperature  rises  above  25°C.  The  spec  sheet  also  shows  that  the  2N3771  has  a  maxi¬ 
mum  allowable  junction  temperature  of  150°C.  If  the  component  is  used  in  an  enclosed 
system,  component  cooling  may  be  required  to  ensure  that: 

1.  The  required  power  dissipation  at  the  given  temperature  does  not  exceed  the  de¬ 
rated  value  of  PD  for  the  device. 

2.  The  junction  temperature  never  exceeds  150°C. 


Heat  sink 

A  large  metallic  object  that 
helps  to  cool  components  by 
increasing  their  effective 
surface  area. 

Heat-sink  compound 
|  A  compound  used  to  aid  in  the 
j  transfer  of  heat  from  a 
!  component  to  a  heat  sink. 


There  are  several  ways  to  provide  cooling  for  the  semiconductors  within  an  enclosed 
system.  One  common  method  involves  the  use  of  one  or  more  fans.  Most  computer  sys¬ 
tems,  for  example,  are  fan  cooled.  Typically,  the  fan  draws  in  cooler  outside  air,  helping 
to  maintain  relatively  low  temperatures  within  the  system. 

Another  method  used  to  avoid  heat-related  problems  is  to  mount  high-power  transistors 
on  structures  called  heat  sinks.  A  heat  sink  is  a  metallic  object  that  helps  to  cool  compo¬ 
nents  by  increasing  their  effective  surface  area.  Several  heat  sinks  are  shown  in  Figure  1 1 .45. 

When  a  high-power  transistor  is  connected  properly  to  a  heat  sink,  heat  flows  from  the 
component  to  the  heat  sink.  Because  the  heat  sink  has  more  surface  area,  it  can  dissipate 
heat  more  rapidly  than  the  transistor.  As  a  result,  the  transistor’s  case  temperature  is  held 
at  a  lower  value,  and  the  PD  derating  value  is  reduced. 

When  a  power  transistor  is  connected  to  a  heat  sink,  heat-sink  compound  is  used  to 
aid  the  transfer  of  heat  from  the  transistor  to  the  sink.  This  compound  can  be  purchased  at 
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FIGURE  11.45  Heat  sinks. 


any  electronics  parts  store.  The  heat-sink  compound  is  applied  to  the  transistor  casing, 
and  then  the  transistor  is  connected  (attached)  to  the  heat  sink  itself.  The  transistor  must 
be  attached  to  the  heat  sink  mechanically.  (Heat-sink  compound  is  not  glue.  It  does  not 
act  as  an  adhesive  between  the  transistor  and  the  heat  sink.) 

A  power  transistor  case  may  not  be  at  the  same  electrical  potential  as  the  heat  sink.  In 
this  situation,  a  thin  insulator  is  inserted  between  the  two.  When  used  with  heat-sink  com¬ 
pound,  the  spacer  acts  as  an  electrical  insulator  and  a  thermal  conductor.  Many  times, 
these  spacers  will  stick  to  an  old  transistor  as  it  is  removed  from  the  circuit.  If  the  spacer 
is  not  replaced  correctly  when  the  new  transistor  is  installed,  the  replacement  transistor 
may  be  damaged  when  power  is  restored  to  the  circuit.  Care  must  also  be  taken  to  ensure 
that  the  leads  do  not  come  in  contact  with  the  heat  sink.  The  following  procedure  should 
be  followed  for  replacing  transistors  that  are  mounted  to  a  heat  sink: 

1.  Remove  the  bad  transistor,  and  wipe  the  old  heat-sink  compound  off  the  heat  sink. 

2.  Lightly  coat  the  new  transistor  with  heat-sink  compound.  Do  not  use  more  than  is 
necessary  to  build  a  thin  coat  on  the  component. 

3.  Replace  the  insulator  (spacer)  if  necessary. 

4.  Connect  the  transistor  to  the  heat  sink.  If  there  were  any  mechanical  connectors 
between  the  old  transistor  and  the  heat  sink  (such  as  screws),  be  sure  to  replace 
them.  Any  insulating  sleeves  on  the  mounting  screws  must  also  be  replaced. 

5.  Be  sure  that  the  transistor  leads  are  not  touching  the  heat  sink. 


1.  What  is  a  heat  sink ? 

2.  What  is  heat-sink  compound ? 

3.  What  is  the  proper  procedure  for  replacing  a  transistor  connected  to  a  heat  sink? 

4.  What  precautions  must  be  taken  when  performing  the  procedure  in  Question  3? 


Here  is  a  summary  of  the  major  points  made  in  this  chapter: 

1.  Power  amplifiers  are  used  to  deliver  power  to  low-resistance  loads. 

a.  The  output  from  a  power  amplifier  is  typically  greater  than  1  W. 

b.  Typical  power  amplifier  loads  are  in  the  range  of  RL  s  300  fl. 

2.  The  ideal  power  amplifier  would  deliver  100%  of  its  dc  (power  supply)  input  power 
to  its  load. 

3.  There  are  three  basic  types  of  power  amplifiers:  class  A,  class  B,  and  class  C. 

4.  Class  C  amplifiers  are  tuned  circuits ,  meaning  that  they  are  designed  to  operate 
within  specific  frequency  ranges. 

5.  The  ac  load  line  of  an  amplifier  represents  all  possible  combinations  of  ic  and  vce. 
a.  The  ac  load  line  of  an  amplifier  does  not  normally  follow  the  plot  of  the  dc  load 

line. 
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b.  The  ac  and  dc  load  lines  differ  because  the  dc  load  on  an  amplifier  is  different 
from  its  ac  load. 

c.  An  ac  load  line  is  illustrated  in  Figure  1 1.3. 

6.  The  ac  load  line  of  an  amplifier  is  used  to  determine  the  amplifier’s  compliance. 

a.  The  compliance  of  an  amplifier  is  the  limit  that  the  output  circuit  places  on  the 
peak-to-peak  output  voltage. 

b.  If  the  compliance  of  an  amplifier  is  exceeded,  clipping  occurs. 

c.  Amplifier  compliance  is  illustrated  in  Figure  11.4.  Clipping  is  illustrated  in 
Figure  11.5. 

7.  The  higher  the  efficiency  of  an  amplifier: 

a.  The  lower  the  percentage  of  dc  power  used  by  the  amplifier  itself. 

b.  The  longer  the  operating  life  of  the  components  in  the  amplifier. 

8.  A  transformer-coupled  class  A  amplifier  uses  a  transformer  in  place  of  a  collector 
resistor  to  improve  amplifier  efficiency. 

9.  The  dc  biasing  circuit  of  a  transformer-coupled  class  A  amplifier  is  designed  so  that 
VCEQ  is  as  close  as  possible  to  the  value  of  Vcc- 

10.  The  dc  load  line  of  a  transformer-coupled  class  A  amplifier  is  nearly  vertical,  indi¬ 
cating  that  the  value  of  VCE  remains  relatively  constant  over  a  wide  range  of  Ic 
values. 

11.  The  procedure  used  to  plot  the  ac  load  line  of  a  transformer-coupled  class  A  ampli¬ 
fier  is  described  in  Section  1 1.3.3. 

12.  The  maximum  output  voltage  from  a  transformer-coupled  class  A  amplifier  is  very 
close  to  twice  the  value  of  Vcc. 

13.  The  maximum  theoretical  efficiency  of  a  transformer-coupled  class  A  amplifier  is 
approximately  50%.  In  practice,  the  efficiency  of  this  type  of  amplifier  is  typically 
less  than  40%. 

14.  The  transformer-coupled  class  A  amplifier  has  several  advantages  over  the  /?C-coupled 
circuit: 

a.  The  efficiency  of  the  transformer-coupled  circuit  is  higher. 

b.  The  transformer  can  be  used  to  match  the  amplifier  output  resistance  to  the  load 
resistance. 

c.  The  transformer-coupled  circuit  can  be  converted  into  a  tuned  amplifier. 

A  comparison  of  the  transformer-coupled  and  A’C-coupled  circuits  is  provided  in 
Figure  11.14. 

15.  There  are  two  basic  class  B  amplifiers. 

a.  The  complementary-symmetry  amplifier  is  built  using  complementary  transistors, 
that  is,  a  pnp  transistor  and  an  npn  transistor  that  have  matching  characteristics. 

b.  A  push-pull  amplifier  uses  two  identical  transistors  and  a  center-tapped  transformer. 

16.  The  complementary-symmetry  amplifier  is  the  more  commonly  used  circuit 
because  of  the  size  and  cost  of  the  center-tapped  transformer. 

17.  The  overall  operation  of  a  complementary-symmetry  amplifier  is  illustrated  in  Figure 
11.17.  As  shown,  each  transistor  conducts  during  one  alternation  of  the  input  signal. 

18.  Crossover  distortion  (shown  in  Figure  11.18)  occurs  during  the  time  that  neither 
transistor  in  a  class  B  amplifier  is  conducting. 

a.  Crossover  distortion  appears  as  flat  lines  between  the  alternations  of  the  ampli¬ 
fier  output  signal. 

b.  Crossover  distortion  is  eliminated  by  biasing  both  transistors  at  a  level  slightly 
above  cutoff. 

19.  The  class  B  amplifier  has  a  vertical  dc  load  line. 

20.  The  class  B  amplifier  is  an  emitter  follower.  As  such,  it  has: 

a.  Current  gain  that  is  greater  than  1 . 

b.  Voltage  gain  that  is  slightly  less  than  1 . 

c.  Power  gain  that  is  slightly  lower  than  the  circuit  current  gain. 

21.  The  compliance  of  a  class  B  amplifier  is  approximately  equal  to  its  dc  supply  voltage. 

22.  The  total  current  drawn  from  the  dc  power  supply  by  a  class  B  amplifier  is  approxi¬ 
mately  equal  to  the  sum  of  the  current  through  the  biasing  network  and  the  average 
value  of  /C]  (see  Figure  1 1 .24). 
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23.  The  maximum  theoretical  efficiency  of  a  class  B  amplifier  is  78.5%. 

24.  The  complementary-symmetry  amplifier  is  more  efficient  than  a  comparable  push- 
pull  amplifier  because  it  is  not  subject  to  transformer  power  losses. 

25.  When  voltage-divider  biased,  a  class  B  amplifier  is  susceptible  to  crossover  distor¬ 
tion  and  thermal  runaway.  Both  of  these  problems  can  be  eliminated  through  the 
use  of  diode  bias.  (See  Figure  1 1.27). 

26.  When  diode  bias  is  used,  each  transistor  conducts  for  slightly  more  than  180°.  For 
this  reason,  the  diode-biased  amplifier  is  referred  to  as  a  class  AB  amplifier. 

27.  The  diodes  in  a  class  AB  amplifier  are  referred  to  as  compensating  diodes. 

28.  The  method  by  which  diode  bias  eliminates  crossover  distortion  is  illustrated  in 
Figure  11.30. 

29.  Thermal  runaway  is  prevented  in  a  class  AB  amplifier  by: 

a.  Matching  the  compensating  diodes  to  the  base-emitter  characteristics  of  the 
transistors. 

b.  Placing  the  diodes  in  thermal  contact  with  the  transistors  (so  that  both  compo¬ 
nents  operate  at  the  same  temperature). 

30.  The  dual-transistor  configuration  of  the  class  AB  amplifier  can  make  the  circuit 
more  difficult  to  troubleshoot  than  a  class  A  amplifier. 

31.  A  list  of  common  class  AB  amplifier  fault  symptoms  is  provided  in  Table  11.1. 

32.  A  Darlington  complementary-symmetry  amplifier  (Figure  11.41a)  can  be  used  in 
applications  requiring  higher-than-normal  amplifier  input  impedance  and  power 
gain. 

33.  The  transistor-biased  complementary-symmetry  amplifier  (Figure  11.41b)  uses 
transistors  in  place  of  the  biasing  diodes.  This  configuration  is  commonly  used  in 
circuits  containing  integrated  transistors. 

34.  A  dual-polarity  complementary-symmetry  amplifier  (Figure  11.42)  is  used  in 
systems  containing  dual-polarity  dc  power  supplies. 

35.  When  power  transistors  are  used  in  an  enclosed  system,  additional  means  of 
component  cooling  may  be  required  to  ensure  that: 

a.  The  required  power  dissipation  at  a  given  temperature  does  not  exceed  the 
derated  value  of  PD  of  the  device. 

b.  The  maximum  allowable  junction  temperature  is  never  exceeded. 

36.  Component  cooling  often  involves  the  use  of  fans  and/or  heat  sinks. 

37.  A  heat  sink  is  a  large,  metallic  structure  that  helps  to  cool  components  by  increas¬ 
ing  their  effective  surface  area. 

38.  Heat-sink  compound  is  used  to  aid  in  the  transfer  of  heat  from  a  component  to  a 
heat  sink. 

39.  The  steps  used  to  connect  a  component  properly  to  a  heat  sink  are  listed  in  Section 
11.7.2. 
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Equation  Number 
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PRACTICE  PROBLEMS 

Section  11.1 

1.  Calculate  the  compliance  of  the  amplifier  in  Figure  1 1.46. 
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FIGURE  11.46 
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2.  Calculate  the  compliance  of  the  amplifier  in  Figure  1 1 .47. 


+12  V 


FIGURE  11.47 

3.  Calculate  the  compliance  of  the  amplifier  in  Figure  1 1.48.  Determine  the  type  of 
clipping  that  the  circuit  would  be  most  likely  to  experience. 

4.  Calculate  the  compliance  of  the  amplifier  in  Figure  1 1 .49.  Determine  the  type  of 
clipping  that  the  circuit  would  be  most  likely  to  experience. 


+12 V  +4  V 


FIGURE  11.48  FIGURE  11.49 


Section  11.2 

5.  Calculate  the  value  of  Ps  for  the  amplifier  in  Figure  1 1 .46. 

6.  Calculate  the  value  of  Ps  for  the  amplifier  in  Figure  1 1 .47. 

7.  Calculate  the  value  of  PL  for  the  amplifier  in  Figure  1 1.46. 

8.  Calculate  the  value  of  PL  for  the  amplifier  in  Figure  1 1 .47. 

9.  Calculate  the  maximum  possible  load  power  for  the  circuit  shown  in  Figure  1 1.46. 

10.  Calculate  the  maximum  possible  load  power  for  the  circuit  shown  in  Figure  1 1 .47. 

11.  Assuming  that  the  amplifier  in  Figure  11.46  is  driven  to  compliance,  calculate  the 
efficiency  of  the  circuit. 

12.  Assuming  that  the  amplifier  in  Figure  11.47  is  driven  to  compliance,  calculate  the 
efficiency  of  the  circuit. 

13.  Determine  the  values  of  Ps,  Pl,  and  efficiency  for  the  amplifier  in  Figure  1 1 .48. 
Assume  that  the  circuit  is  driven  to  compliance. 

14.  Determine  the  values  of  Ps,  Pl,  and  efficiency  for  the  amplifier  in  Figure  1 1 .49. 
Assume  that  the  circuit  is  driven  to  compliance. 
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15.  Calculate  the  maximum  efficiency  for  the  amplifier  in  Figure  1 1.50. 

16.  Calculate  the  maximum  efficiency  for  the  amplifier  in  Figure  1 1.51. 


+20  V  +40  V 


FIGURE  11.50  FIGURE  11.51 


Section  11.3 

17.  Derive  the  ac  load  line  for  the  circuit  shown  in  Figure  1 1 .52. 

18.  Derive  the  ac  load  line  for  the  circuit  shown  in  Figure  11.53. 


+22  V  +20  V 


FIGURE  11.52  FIGURE  11.53 


19.  Determine  the  maximum  load  power  for  the  circuit  in  Figure  1 1 .52. 

20.  Determine  the  maximum  load  power  for  the  circuit  in  Figure  1 1.53. 

21.  Calculate  the  maximum  efficiency  of  the  amplifier  in  Figure  1 1 .52. 

22.  Calculate  the  maximum  efficiency  of  the  amplifier  in  Figure  1 1.53. 

Section  11.4 

23.  A  class  B  amplifier  has  values  of  Vcc  =  + 18  V  and  R,  =  3  kO.  Plot  the  ac  and  dc 
load  lines  for  the  circuit. 

24.  A  class  B  amplifier  has  values  of  Vcc  =  +24  V  and  RL  =  200  fl.  Plot  the  ac  and  dc 
load  lines  for  the  circuit. 

25.  Calculate  the  maximum  load  power  for  the  amplifier  described  in  Problem  23. 

26.  Calculate  the  maximum  load  power  for  the  amplifier  described  in  Problem  24. 

27.  Calculate  the  value  of  Ps  for  the  amplifier  in  Figure  1 1.54. 

28.  Calculate  the  value  of  Ps  for  the  amplifier  in  Figure  1 1.55. 

29.  Calculate  the  value  of  Pt(max)  for  the  amplifier  in  Figure  1 1.54. 
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FIGURE  11.54  FIGURE  11.55 

30.  Calculate  the  value  of  PL{ max)  for  the  amplifier  in  Figure  1 1.55. 

31.  Calculate  the  maximum  efficiency  for  the  amplifier  in  Figure  1 1 .54. 

32.  Calculate  the  maximum  efficiency  for  the  amplifier  in  Figure  1 1.55. 

Section  11.5 

33.  Determine  the  values  of  VCEQ,  VB(QX),  and  VB(Q2l  for  the  class  AB  amplifier  in  Figure 

11.56. 

34.  Determine  the  values  of  VCEQ,  VB(QX),  and  VBiQT)  for  the  class  AB  amplifier  in  Figure 

11.57. 


FIGURE  11.56 


FIGURE  11.57 


35.  Calculate  the  maximum  efficiency  of  the  class  AB  amplifier  in  Figure 

36.  Calculate  the  maximum  efficiency  of  the  class  AB  amplifier  in  Figure 

37.  Calculate  the  maximum  efficiency  of  the  class  AB  amplifier  in  Figure 

38.  Calculate  the  maximum  efficiency  of  the  class  AB  amplifier  in  Figure 


11.56. 

11.57. 

11.58. 

11.59. 
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+20  V 


FIGURE  11.58 


Section  11.7 

39.  Calculate  the  value  of  PD  for  the  transistor  in  Figure  1 1.48. 

40.  Calculate  the  value  of  PD  for  the  transistor  in  Figure  1 1.49. 

41.  Calculate  the  value  of  PD  for  the  transistor  in  Figure  1 1.52. 


+6  V 


FIGURE  11.59 


-  TROUBLESHOOTING 

42.  Determine  the  fault(s)  that  would  cause  the  readings  shown  in  Figure  1 1 .60a.  PRACTICE  PROBLEMS 

43.  Determine  the  fault(s)  that  would  cause  the  readings  shown  in  Figure  1 1 ,60b. 


+12 V  +12 V 


(a)  (b) 

FIGURE  11.60 


-  PUSHING  THE  ENVELOPE 

44.  Calculate  the  maximum  allowable  input  power  for  the  amplifier  in  Figure  1 1 .56. 

45.  Calculate  the  values  of  AvT,  Am  and  ApT  for  the  two-stage  amplifier  in  Figure  11.61. 

46.  Answer  the  following  questions  for  the  circuit  in  Figure  11.61.  Use  circuit  calcula¬ 
tions  to  explain  your  answers. 

a.  Is  the  amplifier  driven  to  compliance? 

b.  What  type  of  clipping  would  the  amplifier  be  most  likely  to  experience? 
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FIGURE  11.61 


47. 

SUGGESTED  COMPUTER 
APPLICATIONS 

48. 

PROBLEMS 

49. 

50. 

51. 

sistor?  Explain  your  answer  using  circuit  calculations.  The  spec  sheet  for  the 
2N3904  is  shown  in  Figure  6.28.  (Hint:  The  power-handling  requirement  of  the 
circuit  is  the  primary  consideration  in  this  problem.) 


provided  with  the  needed  input  values. 

Write  a  program  that  will  perform  the  complete  d< 
class  A  amplifier  given  the  needed  circuit  values. 

Write  a  program  that  will  perform  the  complete  a< 
class  A  amplifier  given  the  needed  circuit  values. 

Write  a  program  that  will  perform  the  complete 
amplifier  given  the  needed  values. 


ANSWERS  TO  THE 
EXAMPLE  PRACTICE 

11.1 

9.61  VPP 

PROBLEMS 

11.2 

269  mW 

11.3 

17.79  mW 

11.4 

47.76  mW 

11.5 

357.14  mW 

11.6 

3.58% 

11.7 

34.72% 

11.8 

The  ac  load  line  has  end  points  of  vce(off)  =  6  V  and  z'c(sat)  =  2.73  mA. 

11.9 

8.18  mW 

11.10 

2.93  W 

11.11 

2.25  W 

11.12 

76.79% 

11.13 

55.3% 

11.14 

16.4  mW 

11.15 

468.75  mW 
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Field-Effect  Transistors 


Objectives 

After  studying  the  material  in  this  chapter,  you  should  be  able  to: 

1.  List  the  types  of  field-effect  transistors  (FETs). 

2.  Explain  the  relationship  between  JFET  channel  width  and  drain  current  (ID). 

3.  State  the  relationship  between  gate-source  voltage  ( VGS )  and  drain  current  (ID). 

4.  Describe  the  gate  input  impedance  characteristics  of  the  JFET. 

5.  Determine  the  range  of  g-point  values  for  a  given  JFET  biasing  circuit. 

6.  List  and  explain  the  primary  advantages  and  disadvantages  of  each  of  the  three  types  of 
JFET  biasing  configurations. 

7.  Describe  and  analyze  the  ac  operation  of  the  common-source  amplifier. 

8.  State  the  purpose  of  swamping  a  JFET  amplifier. 

9.  Describe  the  relationship  between  the  input  impedance  of  a  JFET  amplifier  and  that  of  a 
comparable  BJT  amplifier. 

10.  Describe  and  analyze  the  ac  operation  of  common-drain  and  common-gate  amplifiers. 

11.  Describe  the  procedure  used  to  troubleshoot  a  JFET  amplifier. 

12.  List  and  define  the  commonly  used  JFET  parameters  and  ratings. 

1 3 .  Discuss  the  use  of  a  JFET  amplifier  as  a  buffer  or  an  RF  amplifier. 

Outline 

12.1  Introduction  to  JFET s 

12.2  JFET  Biasing  Circuits 

12.3  AC  Operating  Characteristics:  The  Common-Source  Amplifier 

12.4  AC  Operating  Characteristics:  Common-Drain  and  Common-Gate  Amplifiers 

12.5  Troubleshooting  JFET  Circuits 

12.6  JFET  Specification  Sheets  and  Applications 

Chapter  Summary  ^ 


T  h  a_t_"_Ot  her"  _D  e  v  el  o  p  m  e_n_t _ 

Schockley,  Brattain,  and  Bardeen  have  received  their  share 
of  the  Limelight  for  the  development  of  the  transistor  in 
1948.  However,  there  was  another  team  of  scientists  that 
made  a  major  contribution  to  the  field  of  solid-state  elec¬ 
tronics  in  1955. 

In  the  May  1955  volume  of  the  Bell  Laboratories  Record,  an 
announcement  was  made  of  the  development  of  another  type 
of  transistor.  This  transistor  was  developed  by  I.  M.  Ross  and 
G.  C.  Dacey.  The  Bell  Laboratories  Record  said  of  this  development: 


It  would  appear  that  it  would  find  its  main  applications 
where  considerations  of  size,  weight,  and  power  con¬ 
sumption  dictate  the  use  of  a  transistor,  and  where  the 
required  frequency  response  is  higher  than  could  be 
achieved  with  a  simple  junction  transistor. 

The  component  developed  by  Ross  and  Dacey  has  had 
a  major  impact  over  the  years,  especially  in  the  area  of 
integrated-circuit  technology.  What  was  this  "other"  compo¬ 
nent?  It  was  the  field-effect  transistor. 


You  may  recall  that  the  bipolar  junction  transistor  is  a  current-controlled  device ;  that  is, 
the  output  characteristics  of  the  device  are  controlled  by  the  base  current.  Another  type 
of  transistor,  called  the  field-effect  transistor,  or  FET,  is  a  voltage-controlled  device. 
The  output  characteristics  of  the  FET  are  controlled  by  the  input  voltage,  not  by  the 
input  current. 

There  are  two  basic  types  of  FETs:  the  junction  field-effect  transistor,  or  JFET,  and  the 
OBJECTIVE  1  ►  metal-oxide-semiconductor  FET,  or  MOSFET.  As  you  will  be  shown,  the  operating  prin¬ 
ciples  of  these  two  components  vary,  as  do  their  applications  and  limitations.  In  this  chap¬ 
ter,  we  will  discuss  JFETs  and  their  circuits.  MOSFETs  and  their  circuits  are  covered  in 
Chapter  13. 


12.1  Introduction  to  J  FETs 


The  physical  construction  of  the  JFET  is  significantly  different  from  that  of  the  bipolar 
junction  transistor,  or  BJT.  You  may  recall  that  the  bipolar  transistor  has  three  separate 
materials:  either  two  n-type  materials  and  a  single  p-type  material  or  two  p- type  materials 
and  a  single  n-type  material.  The  JFET  has  only  two  materials:  a  single  n-type  material 
and  a  single  p-type  material.  The  construction  of  the  JFET  is  illustrated  in  Figure  12.1. 


Field- effect  transistor  (FET) 

A  three-terminal  voltage- 
controlled  device  used  in 
amplification  and  switching 
applications. 


Source 

The  JFET  counterpart  of  the 
BJT  emitter. 

Drain 

The  JFET  counterpart  of  the 
BJT  collector. 

Gate 

The  JFET  counterpart  of  the 
BJT  base. 

Channel 

The  material  that  connects  the 
source  and  drain. 


Drain 


Gate 


Channel 


Drain 


(a)  p-channel 

FIGURE  12.1  JFET  construction. 


As  you  can  see,  the  device  has  three  terminals,  just  like  the  bipolar  junction  transistor. 
However,  the  terminals  of  the  JFET  are  labeled  source,  drain,  and  gate.  The  source  can 
be  viewed  as  the  counterpart  of  the  BJT's  emitter,  the  drain  as  the  counterpart  of  the  col¬ 
lector,  and  the  gate  as  the  counterpart  of  the  base. 

The  material  that  connects  the  source  to  the  drain  is  referred  to  as  the  channel.  When 
this  material  is  an  n-type,  the  JFET  is  referred  to  as  an  n-channel  JFET.  Obviously,  an 
FET  with  a  p- type  channel  would  be  referred  to  as  a  p-channel  JFET.  Both  JFET  types 
are  shown  in  Figure  12.1.  Note  that  the  gate  material  surrounds  the  channel  in  the  same 
way  a  belt  surrounds  your  waist. 

The  schematic  symbols  for  the  p- channel  and  n-channel  JFETs  are  shown  in  Figure 
12.2.  Note  that  the  arrow  points  “in”  or  “out”  from  the  component.  Just  as  with  the  BJT 
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D  D  D  D 


s  s  s  s 

(a)  n-channel  (b)  p-channel 

FIGURE  12.2  JFET  schematic  symbols. 

schematic  symbol,  the  arrow  points  toward  the  n-type  material.  When  the  arrow  is  point¬ 
ing  in,  it  is  pointing  toward  the  channel.  Thus,  Figure  12.2a  is  the  schematic  symbol  for 
the  n-channel  JFET.  When  the  arrow  is  pointing  out,  it  can  be  viewed  as  pointing  toward 
the  gate.  If  the  gate  is  an  n-type  material,  the  channel  must  be  a  p- type  material.  Thus, 
Figure  12.2b  is  the  schematic  symbol  for  the  //-channel  JFET.  If  you  have  trouble  distin¬ 
guishing  the  two  symbols,  just  think  “n  .  .  .  in.”  This  will  remind  you  that  the  n-channel 
JFET  has  the  arrow  pointing  in. 

You  know  that  npn  transistors  normally  require  positive  supply  voltages,  while  pnp  tran¬ 
sistors  normally  require  negative  supply  voltages.  The  same  relationship  holds  true  for 
JFETs.  n-Channel  JFETs  normally  require  positive  supply  voltages,  while  p-channel  JFETs 
normally  require  negative  supply  voltages.  These  supply  voltages  are  shown  in  Figure  12.3. 
Note  that  the  n-channel  JFET  circuit  (Figure  12.3a)  has  a  positive  drain  supply  voltage 
( VDD ),  while  the  //-channel  JFET  circuit  (Figure  12.3b)  has  a  negative  supply  voltage. 


(a)  (b) 

FIGURE  12.3  JFET  supply  voLtages. 

12.1.1  Operation  Overview 

In  our  discussions  of  BJTs,  we  concentrated  on  the  npn  transistor.  At  the  same  time,  it 
was  stated  that  all  the  relationships  discussed  also  held  true  for  the  pnp  transistor.  The 
only  differences  were  the  voltage  polarities  and  the  current  directions.  In  the  same  man¬ 
ner,  our  discussions  on  JFETs  will  concentrate  on  the  n-channel  JFET.  Again,  all  the  rela¬ 
tionships  covered  also  apply  to  the  //-channel  JFET.  The  only  differences  are  the  voltage 
polarities  and  current  directions. 

The  overall  operation  of  the  JFET  is  based  on  varying  the  width  of  the  channel  to  con-  ◄  OBJECTIVE  2 
trol  the  drain  current.  As  illustrated  in  Figure  12.4a,  decreasing  the  width  (diameter)  of  a 
conductor  increases  its  resistance.  In  Figure  12.4b,  the  drain-source  voltage  (Vos)  is  gen¬ 
erating  current  through  a  JFET.  Assuming  that  VDS  is  fixed,  we  can  decrease  the  JFET 
drain  current  by  increasing  the  resistance  of  the  channel.  Increasing  the  resistance  of  the 
channel  can  be  accomplished  by  decreasing  its  width. 
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Conductor  diameters 


The  smaller  the  diameter  of  a  conductor, 
the  more  it  restricts  current.  Therefore, 
R%  <  Ry  <  Rz 

(a)  Conductor  width  and  resistance 


(b)  VDS  generates  a  current 
through  the  JFET  channel. 


(c)  The  negative  gate-source  voltage 
(Vqs)  reduces  the  width  of  the  JFET 
channel,  increasing  its  resistance. 


FIGURE  12.4  The  relationship  between  channel  width  and  drain  current. 
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What  is  the  relationship 


Decreasing  the  width  of  the  channel  can  be  accomplished  by  effectively  increasing  the 
width  of  the  gate.  The  width  of  the  gate  can  be  increased  by  applying  a  reverse  voltage 
(VGS)  to  the  gate  source-junction,  as  shown  in  Figure  12.4c.  Note  that  the  negative  termi¬ 
nal  of  VGS  is  connected  to  the  p-type  gate  and  that  the  positive  terminal  of  Vcs  is  con¬ 
nected  to  the  n-type  source.  This  connection  reverse  biases  the  gate-source  junction,  caus¬ 
ing  a  depletion  layer  to  form.  As  you  know,  a  depletion  layer  acts  as  an  insulator.  Thus, 
the  cross-sectional  area  of  the  channel  is  effectively  decreased  when  a  depletion  layer 
forms,  causing  the  drain  current  to  decrease. 

There  are  two  ways  to  control  channel  width.  First,  by  varying  the  value  of  VGS,  we 
can  vary  the  width  of  the  channel  and,  in  turn,  vary  the  amount  of  drain  current.  This 
point  is  illustrated  in  Figure  12.5.  Note  that  as  Vcs  increases,  so  does  the  size  of  the 
depletion  layer.  As  the  size  of  the  depletion  layer  increases,  the  effective  width  of  the 
channel  decreases.  As  the  effective  width  of  the  channel  decreases,  so  does  the  amount  of 
drain  current.  The  relationship  between  VGS  and  ID  can  be  summarized  as  follows:  As  VGS 
increases  (becomes  more  negative),  ID  decreases. 


(a)  (b)  (c)  (d) 

FIGURE  12.5  The  relationship  between  VGS  and  I0. 


What  is  the  relationship  I  Figure  12.5  serves  to  illustrate  another  important  point.  In  Figure  12.5a,  V6i  is 

shown  to  be  0  V.  At  the  same  time,  a  small  depletion  layer  is  shown  to  be  surrounding 
the  gate.  This  small  depletion  layer  is  a  result  of  the  relationship  between  VGS  and  VDS. 
Since  the  p-type  gate  is  more  negative  than  the  n-type  drain,  a  small  depletion  layer 
forms  around  the  gate.  The  greater  the  value  of  VDS,  the  greater  the  difference  between 
the  source  and  drain  voltages  and  the  larger  the  depletion  layer.  Thus,  the  second 
method  of  increasing  the  size  of  the  depletion  layer  is  to  hold  VGS  constant  while 
increasing  the  value  of  VDS,  as  shown  in  Figure  12.6.  Note  that  increasing  VDS  also 
causes  ID  to  increase. 

At  this  point,  there  seems  to  be  a  contradiction  in  the  theory  of  operation.  It  would 
seem  that  increasing  the  size  of  the  depletion  layer  would  increase  the  resistance  of  the 
channel,  preventing  ID  from  increasing.  How  is  it  that  ID  is  increasing  when  the  resistance 
of  the  JFET  channel  is  also  increasing?  While  the  resistance  of  the  channel  is  increasing, 
it  is  doing  so  at  a  lower  rate  than  the  increase  in  VDS.  In  other  words,  VDS  is  increasing  in 
value  faster  than  the  resistance  of  the  channel.  As  a  result,  the  value  of  ID  increases  as  VDS 
increases.  However,  a  point  is  reached  where  further  increases  in  VDS  are  offset  by  pro- 
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VDS 

4  V 


FIGURE  12.6  The  effects  of  varying  VDS  with  constant  VGS. 


portional  increases  in  the  resistance  of  the  channel.  The  value  of  VDS  at  which  this  occurs 
is  called  the  pinch-off  voltage  ( VP ).  As  VDS  increases  beyond  the  value  of  VP,  the  value 
of  1D  levels  off  (becomes  constant).  This  relationship  is  illustrated  in  the  JFET  drain  curve 
shown  in  Figure  12.7a. 


Id  (mA) 


FIGURE  12.7  JFET  drain  curves. 


ID  (mA) 


Idss 


t 


Vp=  5  V 


The  portion  of  the  curve  to  the  left  of  VP  is  referred  to  as  the  ohmic  region.  As  VDS 
increases  from  0  V  to  VP,  drain  current  increases.  As  VDS  reaches  the  value  of  VP,  drain 
current  levels  off  and  remains  constant  for  all  values  of  VDS  between  VP  and  the  break¬ 
down  voltage  ( VBR ).  Note  that  the  region  of  operation  between  VP  and  VBR  (breakdown 
voltage)  is  called  the  constant-current  region.  As  long  as  VDS  is  kept  within  this  range, 
ID  remains  constant  for  a  constant  value  of  Vc;s- 

When  VGS  =  0  V,  you  essentially  have  the  gate  and  source  terminals  shorted  together, 
and  drain  current  reaches  its  maximum  value,  IDSS.  The  shorted-gate  drain  current 
(Idss)  is  the  maximum  possible  value  of  ID.  This  value,  which  is  listed  on  the  spec  sheet 
for  a  given  JFET,  is  measured  under  the  following  conditions: 

VG5  =  0  V  and  VDS=VP 


Any  value  of  JFET  drain  current  must  be  less  than  or  equal  to  IDSS.  In  this  respect,  IDSS 
can  be  viewed  as  the  equivalent  of  7C(sa lt)  for  a  given  BJT  circuit.  The  relationship  among 
VGS,  VDS,  and  IDSS  is  illustrated  in  Figure  12.7b.  When  Vcs  =  0  V,  lD  =  IDSS.  As  VGS  is 
made  more  negative  than  0  V: 

*  The  JFET  drain  pinches  off  at  a  voltage  that  is  less  than  VP. 

■  lD  decreases  from  the  value  of  IDSS. 


Pinch-off  voltage  (VP) 

The  value  of  drain-source 
voltage  (V^s)  that  allows 
maximum  JFET  current  (1D) 
meaured  at  =  0  V. 


(b) 


Ohmic  region 

The  portion  of  the  JFET 
operating  curve  that  lies 
below  VP. 

Constant-current  region 

The  region  of  the  JFET 
operating  curve  (between  V7> 
and  VBR)  where  drain  current 
remains  constant  for  fixed 
values  of  VGS. 

Shorted-gate  drain  current 

(Idss) 

The  maximum  possible  value 
of  Ip- _ _ _ 

Lab  Reference:  The  relationship 
between  VDS  and  lD  is  observed  and 
graphed  in  Exercise  16. 
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Gate-source  cutoff  voltage 
(Fcscofrd 

The  value  of  Vcs  that  reduces  ID  j 
to  approximately  zero. 


As  VGS  becomes  more  negative,  a  point  is  eventually  reached  where  the  depletion  layer 
effectively  closes  off  the  channel.  When  this  occurs,  minimum  current  passes  through 
the  JFET.  The  value  of  VGS  that  reduces  ID  to  approximately  zero  is  referred  to  as  the 
gate-source  cutoff  voltage  (Vcs(off))-  Note  that  the  value  of  VGs(0ff)  defines  the  limit  on 
the  value  of  VGs-  For  conduction  to  occur  through  the  device,  the  value  of  VGS  must  be 
somewhere  between  0  V  and  VGs(off  )• 

Here’s  an  interesting  point:  VGS(off)  has  the  same  magnitude  as  VP.  For  example,  if  V,, 
is  8  V,  then  VGS(off)  is  -8  V.  Since  these  two  values  are  always  equal  and  opposite,  only 
one  is  usually  listed  on  the  spec  sheet  for  a  given  JFET. 

Remember  that  there  is  a  definite  difference  between  VP  and  V/GS(ofT).  VP  is  the  value  of 
Vds  that  causes  the  JFET  to  become  a  constant-current  component.  It  is  measured  at  VGS  = 
0  V  and  has  a  constant  drain  current  of  ID  =  IDSS.  VGS(off),  on  the  other  hand,  is  the  value  of 
Vcs  that  reduces  1D  to  approximately  zero. 


12.1.2  JFET  Biasing 
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The  gate-source  junction  of  a  JFET  is  always  reverse  biased  (under  normal  circum¬ 
stances).  Even  when  the  gate  and  source  terminals  are  shorted,  ID  causes  the  junction  to 
be  reverse  biased,  as  shown  in  Figures  12.5  and  12.6.  The  gate-source  junction  of  a  JFET 
is  never  allowed  to  become  forward  biased  because  the  gate  material  is  not  designed  to 
handle  any  significant  amount  of  current.  If  the  junction  is  allowed  to  become  forward 
biased,  current  is  generated  through  the  gate  material.  This  current  may  destroy  the 
component. 

The  fact  that  the  gate  is  always  reverse  biased  leads  us  to  another  important  character¬ 
istic  of  the  device:  JFETs  have  extremely  high  characteristic  gate  input  impedance.  This 
impedance  is  typically  in  the  high  megohm  (Mil)  range.  For  example,  the  spec  sheet  for 
the  2N5457  JFET  lists  a  maximum  gate  reverse  current  (IGSS)  of  1 .0  nA  under  the  follow¬ 
ing  conditions: 


If  we  apply  Ohm’s  law  to  the  values  of  VGS  and  Icss  listed  above,  we  can  calculate  a  gate 
impedance  of  15  GO! 

The  advantage  of  this  extremely  high  input  impedance  can  be  seen  by  taking  a  look  at 
the  circuit  shown  in  Figure  12.8.  Here,  the  JFET  amplifier  is  driven  by  a  high-impedance 
source.  Because  of  the  extremely  high  input  impedance  of  the  JFET  gate,  it  draws  no  cur¬ 
rent  from  the  source.  It  is  as  if  there  were  no  load  on  the  source  at  all. 


+vDD 


FIGURE  12.8 

The  high  input  impedance  of  the  JFET  has  led  to  its  extensive  use  in  integrated  cir¬ 
cuits.  The  low  current  requirements  of  the  component  make  it  perfect  for  use  in  ICs, 
where  thousands  of  transistors  must  be  etched  onto  a  single  piece  of  silicon.  The  low  cur¬ 
rent  draw  helps  the  IC  to  remain  relatively  cool,  thus  allowing  more  components  to  be 
placed  in  a  smaller  physical  area. 
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12.1.3  Component  Control 

It  was  stated  earlier  that  the  JFET  is  a  voltage-controlled  device,  while  the  BJT  is  a  current- 
controlled  device.  We  have  now  established  the  foundation  necessary  to  look  at  this  point 
in  detail.  We  will  start  by  reviewing  the  BJT  as  a  current-controlled  component.  Consider 
the  circuits  shown  in  Figure  12.9.  Using  the  formulas  listed,  the  circuit  values  for  Figure 
12.9a  can  be  calculated  as 


h  =  16.3  pA  Ic  =  1.63  mA  VCE  =  3.38  V 


+5  V 


(a) 


FIGURE  12.9  The  BJT  is  a  current-controlled  device. 


Using  the  same  formulas  on  the  circuit  shown  in  Figure  12.9b  gives  the  following  results: 


Note  that  VB  —  VBE  for  each  of  the  circuits  shown.  Thus,  from  one  circuit  to  another,  the 
value  of  base  voltage  did  not  change  significantly.  It  stayed  at  approximately  0.7  V.  Yet, 
there  were  drastic  changes  in  the  output  characteristics  of  the  two  amplifiers.  These 
changes  were  caused  by  the  change  in  IB,  which  demonstrates  that  the  BJT  is  a  current- 
controlled  device.  The  output  characteristics  are  determined  by  the  input  current,  not  by 
the  input  voltage. 

In  contrast,  the  JFET  has  no  gate  current.  It  has  been  shown  that  the  size  of  the  chan¬ 
nel  is  controlled  by  the  amount  of  reverse  bias  applied  to  the  gate-source  junction.  Since 
VGS  controls  the  JFET,  it  is  not  a  current-controlled  device  but,  rather,  a  voltage- 
controlled  device. 

Since  the  JFET  has  no  gate  current,  there  is  no  beta  rating  for  the  device.  However,  the 
output  current  ( ID )  can  be  defined  in  terms  of  the  circuit  input  voltage  as  follows: 


(12.1) 


where  IDSS  =  the  shorted-gate  drain  current  rating  of  the  device 
VGS  =  the  gate-source  voltage 
Kjs(off)  =  the  gate-source  cutoff  voltage 

Example  12.1  demonstrates  the  use  of  equation  (12.1). 


A  Practical  Consideration: 
Equation  (12.1)  works 
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EXAMPLE  12.1 _  _ 

Determine  the  value  of  drain  current  for  the  circuit  shown  in  Figure  12.10. 
Solution:  The  drain  current  for  the  circuit  is  found  as 


+  VDD 


FIGURE  12.10 


Practice  Problem  12.1 

A  JFET  with  parameters  of  IDSS  =12  mA  and  Vcs(off)  =  —6  V  is  used  in  a  circuit 
that  provides  a  VGS  of  —3  V.  Determine  the  value  of  ID  for  the  circuit. 


If  you  take  a  closer  look  at  equation  (12.1),  you  will  notice  that  VGS  is  the  only  value 
on  the  right  side  of  the  equation  that  will  change  for  a  specified  JFET.  In  other  words,  for 
a  specified  JFET,  IDSS  and  VGS(off)  are  component  ratings.  Based  on  the  fact  that  IDSS  and 
^cs(off)  are  constants  for  a  given  JFET,  we  can  assume  that  ID  is  a  function  of  the  value  of 
VGS.  As  VGS  changes  (which  it  does),  ID  changes. 

We  can  use  a  series  of  VGS  versus  ID  values  to  plot  what  is  called  the  transconductance 
curve  for  a  specified  JFET.  A  transconductance  curve  is  a  graph  of  all  possible  combi¬ 
nations  of  VGS  and  ID.  The  process  for  plotting  the  transconductance  curve  of  a  given 
JFET  is  as  follows: 

1.  Plot  a  point  on  the  x-axis  that  corresponds  to  the  value  of  VGS(0 ff>. 

2.  Plot  a  point  on  the  y-axis  that  corresponds  to  the  value  of  IDSS. 

3.  Select  two  or  three  values  of  VGS  between  0  V  and  Vcs(off)-  F°r  ca°h  value  of  VGS 
selected,  determine  the  corresponding  values  of  1D  using  equation  (12.1). 

4.  Plot  the  points  from  step  3,  and  connect  all  the  plotted  points  with  a  smooth  curve. 


Step  1  is  based  on  the  fact  that  ID  =  0  when  VGs  —  V&sroffy  Thus,  the  point  for  EGiS(off) 
versus  ID  always  falls  on  the  x-axis  of  the  graph.  Step  2  is  based  on  the  fact  that  ID  =  / oss 
when  VGs  =  0  V.  Thus,  the  point  for  VGS  versus  IDSS  always  falls  on  the  y-axis  of  the 
graph.  Example  12.2  demonstrates  the  process  given  for  plotting  the  transconductance 
curve  of  a  given  JFET. 


EXAMPLE  12.2 _ _ _ 

Plot  the  transconductance  curve  for  a  JFET  having  values  of  VGs(off)  =  —  6  V  and 
loss  ~  3  mA. 

Solution:  With  the  values  given,  we  know  that  our  end  points  for  the  curve  are 
(-6  V,  0  mA)  and  (0  V,  3  mA).  We  now  use  three  values  of  VGS  (-1,  -3,  and 
(-5  V)  and  calculate  the  corresponding  value  of  ID  for  each. 

At  V qs  =  —  1  V, 


At  FG5  =  —3  V, 
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We  now  have  the  following  combinations  of  VGS  and  ID: 


vGS(V) 

ID  (mA) 

-6 

0 

-5 

0.083 

-3 

0.75 

-1 

2.08 

0 

3 

The  points  representing  these  combinations  are  now  plotted  and  connected  to  form 
the  curve  shown  in  Figure  12.1 1. 


Id  (mA) 


FIGURE  12.11 


Lab  Reference:  A  curve  similar 
to  the  one  in  Figure  12.1 1  is 
plotted  using  measured  values  in 
Exercise  16. 


Practice  Problem  12.2 

A  JFET  has  parameters  of  VGS(off)  =  -20  V  and  IDSS  =  12  mA.  Plot  the  transcon¬ 
ductance  curve  for  the  device  using  VGS  values  of  0,  —5,  - 10.  — 15,  and  -20  V. 


The  transconductance  curve  for  a  given  JFET  will  be  used  in  both  the  dc  and  ac  analy¬ 
ses  of  any  amplifier  using  that  JFET.  For  this  reason,  it  is  important  that  you  be  able  to 
plot  the  transconductance  curve  for  any  given  JFET.  When  you  need  to  plot  a  transcon¬ 
ductance  curve,  simply  obtain  the  values  of  Fcs<off)  and  IDSS  from  the  spec  sheet  for  the 
device,  and  then  follow  the  procedure  outlined  in  this  section. 

One  important  point  needs  to  be  made  at  this  time:  Most  JFET  spec  sheets  list  more  than 
one  value  of  Vf;.V(ofT)  and  IDSS.  For  example,  the  spec  sheet  for  the  2N5457  lists  the  following: 

'/Gs<offi  ~  “0.5  V(minimum)  IDSS  =  1  mA(minimum) 

Vcsfom  - '  '6  V(maximum)  IDSS  =  5  mA(maximum) 

When  a  range  of  values  is  given,  you  must  use  the  two  minimum  values  to  plot  one 
curve  and  the  two  maximum  values  to  plot  another  curve  on  the  same  graph.  This  proce¬ 
dure  is  demonstrated  in  Example  12.3. 

EXAMPLE  12.3  _ 

Using  the  minimum  and  maximum  values  of  VGS(oft  j  and  IDSS  for  the  2N5457,  plot 

the  two  transconductance  curves  for  the  device. 

Solution:  The  maximum  values  of  VGS(off)  and  IDSS  are  -6  V  and  5  mA,  respec¬ 
tively.  Using  these  values  and  equation  (12.1),  we  can  solve  for  the  following  points: 


Egs(V) 

ID  (mA) 

-6 

0 

-4 

0.556  (556  |xA) 

-2 

2.222 

0 

5 
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Using  the  minimum  values  of  Vos(off)  =  ~  0.5  V  and  IDSs  —  1  mA,  we  can  solve  for 
the  following  points  with  equation  (12.1): 


VGs  (V)  h>  1mA) 


-0.5 

0 

-0.4 

0.04 

(40  p.A) 

-0.2 

0.36 

(360  p.A) 

0 

1 

The  point  sets  listed  are  used  to  plot  two  separate  curves.  These  curves  are  shown  in 
Figure  12.12. 


Id  (mA) 


FIGURE  12.12 
Practice  Problem  12.3 

The  2N5486  JFET  has  values  of  VGS(off)  =  -2  to  -6  V  and  1DSS  =  8  to  20  mA.  Plot 
the  minimum  and  maximum  transconductance  curves  for  the  device. 


A  few  more  relationships  that  involve  the  principle  of  transconductance  must  be  dis¬ 
cussed.  However,  these  principles  relate  to  the  ac  operation  of  the  JFET,  so  we  will  cover 
them  in  our  discussion  on  JFET  ac  characteristics.  At  this  point,  we  have  the  foundation 
needed  to  cover  JFET  biasing  circuits. 


12.1.4  One  Final  Note 

In  this  section,  we  have  used  ^-channel  JFETs  in  all  the  examples  because  they  are  used 
far  more  commonly  than  /7-channel  JFETs.  Just  remember,  all  the  ^-channel  JFET  princi¬ 
ples  apply  equally  to  /7-channel  JFETs.  The  only  differences  are  the  voltage  polarities  and 
the  direction  of  the  drain  and  source  currents.  The  n-channel  and  /7-channel  JFETs  are 
contrasted  in  Figure  12.13. 


Section  Review  ► 


1.  What  is  a  field-effect  transistor ?  What  are  the  two  types  of  FETs? 

2.  What  are  the  three  terminals  of  a  JFET? 

3.  Describe  the  physical  relationship  between  the  JFET  gate  and  channel. 
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FIGURE  12.13 


4.  What  are  the  two  types  of  JFETs? 

5.  Draw  the  schematic  symbol  for  each  type  of  JFET. 

6.  What  supply  voltage  polarity  is  typically  used  for  each  type  of  JFET? 

7.  What  is  the  relationship  between  channel  width  and  drain  current? 

8.  What  is  the  relationship  between  Vcs  and  channel  width? 

9.  What  is  the  relationship  between  Vgs  and  drain  current? 

10.  What  is  pinch-off  voltage? 

11.  What  effect  does  an  increase  in  VDS  have  on  ID  when  VDS  <  VP1 

12.  What  effect  does  an  increase  in  VDS  have  on  ID  when  VDS  >  VP? 

13.  What  is  the  operating  region  above  VP  called? 

14.  What  is  IDSS? 

15.  What  is  the  relationship  between  ID  and  IDSS? 

16.  What  is  FGS(off)? 

17.  What  is  the  primary  restriction  on  the  value  of  VGS? 

18.  Why  do  JFETs  typically  have  extremely  high  gate  input  impedance? 
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OBJECTIVE  5  ►  JFET  biasing  circuits  are  very  similar  to  BJT  biasing  circuits.  The  main  difference 
between  JFET  circuits  and  BJT  circuits  is  the  operation  of  the  active  components  them¬ 
selves.  In  this  section,  we  will  cover  those  dc  operating  principles  and  relationships  that 
differ  from  the  BJT  circuits  already  covered.  We  will  not  go  into  lengthy  explanations  of 
the  circuit  operation  because  these  explanations  were  made  earlier. 


12.2.1  Gate  Bias 

Do  you  remember  base  bias ?  The  JFET  counterpart  of  this  circuit  type  is  called  gate 
bias.  A  gate-bias  circuit  is  shown  in  Figure  12.14.  The  gate  supply  voltage  (— VGG )  is 
used  to  ensure  that  the  gate-source  junction  is  reverse  biased.  Since  there  is  no  gate  cur¬ 
rent,  there  is  no  voltage  dropped  across  RG,  and  the  value  of  VGS  is  found  as 

Vos  =  (12.2) 


Lab  Reference:  The  operation  of 
gate  bias  is  demonstrated  in 
Exercise  17. 


+  VDd 


FIGURE  12.14  Gate  bias. 

Using  VCG  as  VGS  in  equation  (12.1)  allows  us  to  calculate  the  value  of  ID.  Once  ID  is 
known,  VDS  for  the  JFET  can  be  found  as 


Vds  ~~  Vdd  ~  hfto 


(12.3) 


Example  12.4  demonstrates  the  complete  dc  analysis  of  a  simple  gate-bias  circuit. 


EXAMPLE  12.4 _ _ 

The  JFET  in  Figure  12.15  has  values  of  VGSU>ff)  =  —8  V  and  IDSS  =  16  mA.  Deter¬ 
mine  the  values  of  VGS ,  ID,  and  VDS  for  the  circuit. 


FIGURE  12.15 


+10  V 
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Solution:  Since  none  of  VGG  is  dropped  across  the  gate  resistor,  VGS  is  found  as 


Ves  =  Vcc  =  -5  V 

Using  this  value  of  VGS  and  the  parameters  listed  above,  the  value  of  ID  is  found  as 


25  mA 


Now,  the  value  of  VDS  is  found  as 


'on  ~  IdRd  =  10  V  -  (2.25  mA)(2.2  kO)  =  5.05  V 


Practice  Problem  12.4 

Assume  that  the  JFET  in  Figure  12.15  has  values  of  Foscoff)  = 
12  mA.  Determine  the  values  of  VGS,  ID,  and  VDS  for  the  circuit. 


=  — 10  V  and  In «  = 


Example  12.4  illustrated  the  process  for  analyzing  a  gate-bias  circuit.  However,  it 
assumed  that  FG5(off)  and  IDSS  have  one  specified  value  each.  As  you  know,  this  is  not  usu¬ 
ally  the  case. 

The  fact  that  a  given  type  of  JFET  can  have  a  range  of  values  for  VaS(nffl  and  IDSS  leads 
us  to  a  major  problem  with  the  gate-bias  circuit:  Gate  bias  does  not  provide  a  stable 
Q-pointfrom  one  JFET  to  another.  This  problem  is  illustrated  in  Example  12.5. 

As  Example  12.5  shows,  the  circuit  does  not  provide  a  stable  0-point.  You  may  place 
one  2N5458  in  the  circuit  and  get  an  ID  of  5  mA.  Another  2N5458  may  give  you  an  ID  of 
2  mA,  and  so  on.  Because  of  the  instability  of  the  circuit,  gate  bias  is  rarely  used  for  any¬ 
thing  other  than  switching  applications. 


Ip  (mA) 


1/H8 


Fgs(V) 


-1  -6  -5  -4 


This  line 
represents  all 
possible  Q-point 
values 


-2  -1 


FIGURE  12.16 


FIGURE  12.17 


EXAMPLE  12.5 
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You  may  be  wondering  why  the  gate-bias  circuit  contains  a  gate  resistor  when  there  is 
no  gate  current.  Since  resistors  are  usually  used  to  develop  a  voltage,  this  resistor  would 
seem  to  be  useless.  After  all,  there  is  no  voltage  drop  across  the  component  and  no  cur¬ 
rent  for  it  to  limit.  Actually,  Rc  is  used  for  ac  operation  purposes.  Take  a  look  at  the  cir¬ 
cuits  shown  in  Figure  12.18.  Figure  12.18a  shows  the  results  of  eliminating  Rc.  The  ac 
signal  produced  by  the  first  stage  is  coupled  to  the  second,  only  to  be  shorted  to  the  dc 
supply,  —  VqG.  The  resistor  is  needed  to  prevent  this  from  happening.  As  Figure  12.18b 
shows,  placing  a  gate  resistor  in  the  second  stage  restores  the  ac  signal.  Therefore,  while 
the  gate  resistor  has  little  to  do  with  the  dc  operation  of  the  circuit,  it  is  a  vital  part  of 
the  ac  operation  of  the  circuit.  As  you  will  see,  self-bias  uses  a  gate  resistor  for  the  same 
reason. 


+  VDD 


A  Practical  Consideration: 
The  value  of  R0  does  not 
impact  the  dc  biasing  because 
there  is  no  current  in  the  gate 
efee»it.  The  value  of  4S©  is 


12.2.2  Self-Bias 

Self-bias  —  Self-bias  is  a  more  viable  type  of  JFET  biasing.  The  self-bias  circuit  replaces  the  gate 

A  JFET  biasing  circuit  that  uses  supply  (~VGG)  with  a  source  resistor  ( Rs ).  The  self-bias  circuit  is  shown  in  Figure  12. 19. 

a  source  resistor  to  help  Note  that  the  gate  is  returned  to  ground  via  RG,  and  a  resistor  has  been  added  in  the 

establish  a  negative  VGS.  source  circuit.  This  resistor  helps  to  produce  the  —  VGS  needed  for  the  operation  of  the 

JFET.  Figure  12.20  helps  to  illustrate  this  point. 

In  any  JFET  circuit,  all  the  source  current  passes  through  the  device  to  the  drain  cir¬ 
cuit.  This  is  due  to  the  fact  that  there  is  no  significant  gate  current.  Therefore,  we  can 
define  source  current  as 

4  =  ID  (12.4) 
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+  Vdd 


FIGURE  12.20  VGS  for  the  self-bias  current. 


With  all  of  the  drain  current  passing  through  the  source  resistor,  the  voltage  across  the 
resistor  is  found  as 


=  IdRs  (12.5) 

Since  there  is  no  significant  current  in  the  gate  circuit,  no  voltage  is  developed  across  the 
gate  resistor.  Thus,  the  gate  voltage  (with  respect  to  ground)  is  given  as 

(12.6) 

Now,  we  can  use  the  relationships  shown  in  equations  (12.5)  and  (12.6)  to  show  how  the 
source  resistor  is  used  to  reverse  bias  the  gate-source  junction.  The  voltage  from  gate  to 
source  can  be  expressed  as 


(12.7) 


Substituting  the  values  in  equations  (12.5)  and  (12.6)  in  place  of  Vc  and  Vs  gives  us 


VGS  =  0  V  -  1dRs 


which  can  be  written  as 


las  —  hjRs 


(12.8) 


Thus,  a  negative  VGS  is  developed  by  the  current  through  the  source  resistor. 

If  equation  (12.8)  is  confusing,  just  remember  that  Vcs  is  the  voltage  measured  from 
the  gate  terminal  to  the  source  terminal.  There  is  no  rule  stating  that  the  voltage  at  the 
gate  terminal  must  be  negative,  only  that  it  must  be  more  negative  than  the  voltage  at  the 
source  terminal.  If  the  source  terminal  is  at  some  positive  voltage  and  the  gate  is 


Lab  Reference:  Self-bias  operation 
is  demonstrated  in  Exercise  17. 
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grounded,  the  gate  terminal  is  more  negative  (less  positive)  than  the  source  terminal.  Fig¬ 
ure  12.21  helps  to  illustrate  this  point.  In  the  first  circuit,  a  value  of  Vs  =  +2  V  results  in 
a  value  of  VGS  =  -2  V.  A  value  of  Vs  =  +4  V  in  the  second  circuit  results  in  a  value  of 
Vgs  =  —4  V.  In  either  case,  Vg.s  is  the  negative  equivalent  of  Vs. 


FIGURE  12.21  How  self-bias  produces  a  negative  Vcs. 


Equation  (12.8)  is  the  bias  line  equation  for  the  self-bias  circuit.  To  plot  the  dc  bias 
line  for  a  self-bias  circuit,  you  simply  follow  this  procedure: 

1.  Plot  the  minimum  and  maximum  transconductance  curves  for  the  JFET  used  in  the 
circuit. 

2.  Choose  any  value  of  ^cs»  and  determine  the  corresponding  value  of  ID  using 


(12.9) 


3.  Plot  the  point  determined  by  equation  (12.9),  and  draw  a  line  from  this  point  to  the 
graph  origin  (the  [0,  0]  point). 

4.  The  points  where  the  line  crosses  the  two  transconductance  curves  define  the  limits 
of  the  2-point  operation  of  the  circuit. 

This  procedure  is  demonstrated  in  Example  12.6. 


EXAMPLE  12.6 _ _ 

Determine  the  range  of  0-point  values  for  the  circuit  shown  in  Figure  12.22. 


+10  V  Id  <mA) 


(b) 


FIGURE  12.22 
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Solution:  The  2N5459  spec  sheet  lists  the  following  values  for  VGSU)ITl  and  IDSS: 

VWfO=  -2  to  -8  V 
1DSS  =  4  to  16  mA 


Using  these  two  sets  of  values  and  equation  (12.1),  the  transconductance  curves  are 
plotted  as  shown  in  Figure  12.22b. 

The  value  of  VGS  =  —4  V  is  chosen  at  random  to  calculate  ID.  Using  equation 
(12.9),  ID  at  VGS  =  —4  V  is  found  as 


'GS 


Rs 


4  V 
500  Cl 


8  mA 


This  point  (—4,  8)  is  plotted  on  the  graph,  and  a  line  is  drawn  from  the  point  to  the 
graph  origin.  The  plot  of  the  line  is  shown  in  Figure  12.23.  Note  that  the  points 
where  the  bias  line  intersects  the  transconductance  curves  are  labeled  0max  and 
Qmin.  Using  the  graph  coordinates  of  these  two  points,  we  obtain  the  maximum  and 
minimum  values  of  Vcs  and  ID  shown  in  Figure  12.23. 


Id  (mA) 


FIGURE  12.23 


Practice  Problem  12.6 

A  JFET  with  parameters  of  VGS(off)  —  —  5  to  — 10  V  and  IDSS  =  5  to  10  mA  is  used 
in  a  self-bias  circuit  with  a  value  of  Rs  —  2  kfl.  Plot  the  transconductance  curves 
and  bias  line  for  the  circuit. 


As  Example  12.6  demonstrates,  there  is  still  some  instability  in  the  0-point.  In  other 
words,  we  have  not  succeeded  in  obtaining  a  completely  stable  0-point  value  by  switch¬ 
ing  to  self-bias.  However,  as  Figure  12.24  indicates,  the  0-point  of  a  self-bias  circuit  is 
far  more  stable  for  a  given  JFET  than  the  gate-bias  circuit.  In  Figure  12.24,  the  bias  line 
from  Example  12.6  is  shown  as  plotted  in  the  example.  A  dashed  line  is  plotted  showing 
the  same  transistor  in  a  gate-bias  circuit.  From  these  two  dc  bias  lines,  a  couple  of  obser¬ 
vations  can  be  made: 

1.  The  gate-bias  circuit  is  not  subject  to  any  change  in  VGS  and,  thus,  is  more  stable  in 
this  respect. 

2.  The  possible  change  in  ID  from  one  2N5459  to  another  is  much  greater  for  the  gate- 
bias  circuit  than  for  the  self-bias  circuit. 

Thus,  the  gate-bias  circuit  has  the  more  stable  value  of  while  the  self-bias  circuit 
has  the  more  stable  value  of  ID.  Which  is  more  important?  This  question  is  best  answered  by 


Self-bias:  A1/GS  =  2.25  V 

M0  =  5.25  mA  /D  (mA) 


FIGURE  12.24  Self-bias 
stability  versus  gate-bias 
stability. 
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considering  the  ac  operation  of  amplifiers  in  general.  The  ac  characteristics  like  compliance, 
amplifier  power  dissipation,  and  load  power  all  depend  on  the  output  voltage  and  current 
characteristics  of  the  amplifier.  You  may  recall  that  PP,  PL,  and  Ps  for  the  BJT  amplifier  are 
all  defined  in  terms  of  VCEq  and  ICQ-  For  the  JFET  amplifier,  the  ac  output  characteristics 
are  defined  in  terms  of  VDS  and  ID.  The  relationship  between  VDS  and  ID  is  given  as 


Vns  =  VDD  -  Id(Rd  +  Rs)  (12.10) 

If  the  ac  output  characteristics  of  the  JFET  amplifier  are  to  be  stable,  ID  must  be  as 
stable  as  possible.  Since  self-bias  provides  a  more  stable  value  of  ID  than  gate  bias,  it  is 
the  preferred  biasing  method  of  the  two. 

The  complete  dc  analysis  of  a  self-bias  circuit  is  actually  pretty  simple.  The  process 
starts  with  plotting  the  transconductance  curves  and  the  dc  bias  line,  as  was  done  in 
Example  12.6.  Then,  using  the  <2-point  limits,  the  minimum  and  maximum  values  of  Vas 
and  lD  are  determined.  The  value  of  ID  can  then  be  used  to  determine  the  minimum  and 
maximum  values  of  VDS.  This  analysis  process  is  demonstrated  in  Example  12.7. 

EXAMPLE  12.7 _ 

Determine  the  dc  characteristics  of  the  amplifier  used  in  Example  12.6  (Figure 

12.22). 

Solution:  We  have  already  determined  the  limits  of  VGS  and  ID  (Figure  12.23)  as 

VGS  =  “0.75  to  -3  V 
ID  -  1.6  to  6  mA 


Using  the  two  values  of  ID  listed,  we  can  determine  the  limits  of  VDS.  When  ID  = 
1 .6  mA,  VDS  is  found  as 

VDS  =  VDD  -  Id(Rd  +  Rs)  =  10  V  -  (1.6  mA)(l  kft)  =  10  V  -  1.6  V  =  8.4  V 
When  ID  =  6  mA,  VDS  is  found  as 

=  VDD  -  Iu(Rd  +  Rs)  =  10  V  -  (6  mA)(l  kO)  =10  V  -  6  V  =  4  V 


Thus,  the  value  of  VDS  will  fall  between  4  and  8.4  V,  depending  on  the  particular 
2N5459  used  in  the  circuit. 

Practice  Problem  12.7 

The  circuit  described  in  Practice  Problem  12.6  has  a  1  kfl  drain  resistor  and  a  9  V 
source.  Determine  the  range  of  VDS  values  for  the  circuit. 


Example  12.7  illustrates  one  important  point:  Even  though  the  self-bias  circuit  is  more 
stable  than  gate  bias,  it  still  leaves  a  lot  to  be  desired.  A  range  of  VDS  =  4  to  8.4  V  would 
hardly  be  stable  enough  for  most  linear  applications.  We  must  therefore  look  for  a  circuit 
to  provide  a  much  greater  amount  of  stability.  Voltage-divider  bias  does  the  job  very  well. 


12.2.3  Voltage-Divider  Bias 

The  voltage-divider  biased  JFET  amplifier  is  very  similar  to  its  BJT  counterpart.  This 
biasing  circuit  is  shown  in  Figure  12.25.  The  gate  voltage  for  this  amplifier  is  found  in  the 
same  manner  as  VB  in  the  BJT  circuit.  By  formula. 


=  V, 


DD 


Ri  +  R2 


(12.11) 
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FIGURE  12.25 


+  '/DD 


Voltage-divider  bias. 


Also,  the  difference  between  VG  and  Vs  is  equal  to  VGS.  According  to  Ohm’s  law,  ID  can 
be  found  as 


l 


Since  Vs  +  VGS  =  VG,  we  can  rewrite  this  equation  as 


■  r  _ 

Va  ~  VGS 

Rs 

(12.12) 


Now,  we  have  a  problem.  If  you  refer  to  Examples  12.6  and  12.7  on  the  self-bias  circuit, 
you  will  see  that  Vcs  changes  from  one  transistor  to  another.  The  same  holds  true  for  the 
voltage-divider  biased  circuit.  This  can  make  it  difficult  to  determine  the  exact  value  of 
ID.  However,  plotting  the  dc  bias  line  for  this  circuit  will  show  you  that  the  problem  is  not 
a  major  one.  The  method  used  to  plot  the  dc  bias  line  for  a  voltage-divider  bias  circuit  is 
as  follows: 

1.  As  usual,  plot  the  transconductance  curves  for  the  specific  JFET. 

2.  Calculate  the  value  of  VG  using  equation  (12. 1 1). 

3.  On  the  positive  x-axis  of  the  graph,  plot  a  point  at  the  value  of  VG. 

4.  Solve  for  ID  using 


VG 


Rs 


(12.13) 


5.  Locate  the  point  on  the  y-axis  that  corresponds  to  the  value  found  in  step  4. 

6.  Draw  a  line  from  the  Vc  point  through  the  point  found  with  equation  (12.13),  and 
continue  the  line  to  intersect  both  transconductance  curves.  The  intersection  points 
represent  the  Qmax  and  Qmin  points. 

Example  12.8  demonstrates  this  procedure. 


EXAMPLE  12.8 _ 

Plot  the  dc  bias  line  for  the  circuit  shown  in  Figure  12.26. 

Solution:  Figure  12.26  contains  the  2N5459,  the  JFET  whose  transconductance 
curves  were  plotted  in  Example  12.6.  Those  transconductance  curves  can  be  seen  in 
Figure  12.27.  The  value  of  Vc  for  the  circuit  is  calculated  as 


V  -  v  R2  ~  (30  V) 
Vc~XddR1  +  R2~  )  3Mn 


15  V 
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+30  V 


FIGURE  12.26 


This  point  is  now  plotted  on  the  positive  x-axis,  as  shown  in  Figure  12.27.  The 
value  of  VG  is  also  used  to  find  the  y-axis  intersect  point  as  follows: 


•d 


Yg 

Rs 


15  v 

=  1.5  mA 


Note  that  this  point  is  marked  on  the  y-axis  of  the  graph.  A  line  is  then  drawn 
through  the  two  points  and  on  through  the  two  curves  to  establish  the  (7max  and  <2min 
points. 


Iq  (mA) 


FIGURE  12.27  The  voltage-divider  bias  dc  bias  line. 


Practice  Problem  12.8 

In  Practice  Problem  12.3,  you  plotted  the  two  transconductance  curves  for  the 
2N5486.  This  component  is  used  in  a  voltage-divider  biased  amplifier  with  values 
of  VDD  =  36  V,  Ri  =  10  Mfl,  R2  =  3.3  Mfi,  RD=  1.8  kll,  and  Rs  =  3  kil.  Plot  the 
dc  bias  line  for  the  amplifier. 


Figure  12.27  shows  that  the  stability  of  ID  has  improved  a  great  deal.  Figure  12.28 
shows  a  close-up  of  the  lower  portion  of  Figure  12.27  to  help  illustrate  this  point.  While 
Vcs  is  varying  between  approximately  —5  and  —0.5  V,  ID  varies  only  from  2  mA  to 
approximately  1 .5  mA.  Thus,  this  amplifier  provides  a  much  more  stable  value  of  ID  than 
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/D(mA) 


FIGURE  12.28  A  close-up  of  Figure  12.27. 


either  gate  bias  or  self-bias.  For  comparison,  the  results  from  Figures  12.24  and  12.28  are 
summarized  as  follows: 


Circuit  Type 


Change  in  2N5459  Drain 
Current  Values  (mA) 


Gate  bias 

9.25 

Self-bias 

5.25 

Voltage-divider  bias 

0.5 

As  you  can  see,  the  voltage-divider  bias  circuit  is  by  far  the  most  stable  of  the  three. 

It  would  seem  that  this  stability  of  ID  would  be  impossible  given  the  large  possible 
variations  in  Vcs  for  the  amplifier  in  Example  12.8.  Since  ID  is  a  function  of  VGS,  as  was 
stated  in  equation  (12.1),  it  would  seem  that  differences  in  VGS  would  result  in  significant 
differences  in  ID.  However,  an  analysis  of  the  circuit  shows  the  g-point  values  obtained  to 
be  valid.  This  analysis  is  performed  in  Example  12.9. 


EXAMPLE  12.9  _ 

Example  12.8  gave  minimum  and  maximum  g-point  values  for  Figure  12.26  as 

gmax  =  -5  V  at  2  mA 

Gmin  =  ~0.5  V  at  1.5  mA  (approximate) 


Verify  these  two  g-point  values  as  being  possible  operating  combinations  of  VGS 
and  ID. 

Solution:  We  will  tackle  the  gmax  values  of  VGS  =  -5  V  and  ID  =  2  mA  first. 
Just  as  before,  we  start  by  determining  the  value  of  VG  as  follows: 


Ri 


v  DO 


Ri  +Ri 


=  15  V 


Now,  recall  that  Vs  is  equal  to  the  difference  between  VG  and  VGS.  By  formula. 
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Since  VGS  is  a  negative  value,  the  value  of  Vs  is  greater  than  the  value  of  VG  as 
follows: 

Vs  =  VG  -  VGS  =  15  V  -  (-5  V)  =  15  V  +  5  V  =  20  V 


Therefore,  ID  is  found  as 


•'os 


Rs 


20  V 

iokn'2"14 


Thus,  the  combination  of  VGS  =  -5  V  and  ID  =  2  mA  has  been  shown  to  be  a  pos¬ 
sible  combination  for  the  circuit.  Next,  we  will  verify  the  Qmin  values  of  VGS  = 
-0.5  V  and  ID  =  1.5  mA.  At  VGS  =  —0.5  V  and  VG  =  15  V, 


,  _  VG  ~  Vcs  _  15  V  -  (-0.5  V)  _  15.5  V  _ 

D  Rs  10  kO  lOkfl 

Again,  the  results  obtained  from  plotting  the  bias  line  of  Figure  12.24  have  been 
shown  to  be  accurate. 

Practice  Problem  12.9 

Using  the  technique  shown  in  Example  12.9,  verify  your  Q-point  values  for  Prac¬ 
tice  Problem  12.8. 


When  you  are  analyzing  a  voltage-divider  biased  JFET  amplifier,  the  procedure  is 
the  same  as  the  one  that  we  followed  in  plotting  the  transconductance  curves  and  veri¬ 
fying  the  results.  The  only  other  value  that  must  be  determined  is  VDS.  VDS  is  deter¬ 
mined  for  this  circuit  as  it  is  with  all  the  others — using  equation  (12.10).  In  Example 
12.10,  we  calculate  the  range  of  possible  VDS  values  for  the  circuit  we  have  covered  in 
this  section. 


EXAMPLE  12.10 _ 

Determine  the  minimum  and  maximum  values  of  VDS  for  the  circuit  shown  in 
Figure  12.26. 

Solution:  When  ID  =  2  mA, 

Vm  =  VDD  -  !d(Rd  +  Rs)  =  30  V  -  (2  mAXll.l  kO)  =  7.8  V 
When  ID  =  1.55  mA,  y 

Vos  =  VDD  -  Id(Rd  +  Rs)  =  30  V  -  (1.55  mA)(ll.l  kft)  =  12.8  V 
Practice  Problem  12.10 

Determine  the  minimum  and  maximum  values  of  VDS  for  the  circuit  described  in 
Practice  Problem  12.8.  Use  the  calculated  values  of  ID  from  Practice  Problem 
12.9. 


We  now  have  a  situation  where  the  value  of  ID  is  much  more  stable  than  it  has  been 
with  previous  circuits.  However,  the  smaller  variation  in  ID  still  allows  a  rather  drastic 
change  in  Vds- 
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12.2.4  Current-Source  Bias 


Current-source  bias  provides  high  g-point  stability  by  making  the  value  of  ID  inde¬ 
pendent  of  the  JFET.  Two  current-source  bias  circuits  are  shown  in  Figure  12.29.  For 
both  circuits,  the  JFET  drain  current  is  equal  to  the  collector  current  of  the  BJT. 
By  formula. 


h  =  h  (12-14) 

Since  the  value  of  Ic  is  independent  of  the  variations  in  JFET  parameters,  so  is  the  value 
of  ID.  This  assumes,  of  course,  that  the  value  of  Ic  is  less  than  the  lowest  value  of  IDSS  for 
the  JFET.  For  example,  let’s  assume  that  the  JFET  in  Figure  12.29a  has  a  value  of  IDSS  = 
5  to  12  mA.  As  long  as  Ic  is  less  than  5  mA,  the  value  of  ID  is  independent  of  the  JFET 
itself.  Thus,  a  stable  2-point  is  obtained  by  designing  the  circuit  so  that  Ic  equals  the 
desired  value  of  ID. 


+  VDD 


Voltage-divider  circuit 

(a) 

FIGURE  12.29  Current-source  bias. 


+  VDD 

9 


( 


-Vee 


Emitter  bias  circuit 
(b) 


In  Figure  12.29a,  the  value  of  Ic  is  found  as  it  would  be  for  any  voltage-divider  biased 
BJT  amplifier.  In  Figure  12.29b,  the  value  of  Ic  is  found  as  it  would  be  for  any  emitter 
bias  circuit. 

Even  though  current-source  bias  provides  the  most  stable  (J-point  value  of  ID,  the 
complexity  of  the  circuit  makes  it  undesirable  for  most  applications;  that  is,  the 
improved  stability  (over  voltage-divider  bias)  is  usually  insufficient  to  warrant  the  extra 
circuitry. 


12.2.5  Summary 

Gate  bias,  self-bias,  and  voltage-divider  bias  are  the  three  most  commonly  used  JFET 
biasing  circuits.  Each  of  these  circuits  has  its  own  type  of  dc  bias  line  as  well  as  advan¬ 
tages  and  disadvantages.  The  characteristics  of  these  three  dc  biasing  circuits  are  summa¬ 
rized  in  Figure  12.30. 


Current-source  bias 
A  JFET  biasing  circuit  that  uses 
a  BJT  to  maintain  a  constant 
value  of  drain  current  (lD). 


◄  OBJECTIVE  6 


Section  12.2  JFET  Biasing  Circuits 


481 


:i!Sfif 


Extremely  simple 
circuitry. 


Relatively  simple 
circuKry.  More 
stable  than  gate  bias. 


Poor  O-point 
stability  for 
most  JFETs. 


Not  as  stable  as 
voltage-divider  bias. 


FIGURE  12.30 


"t 


Section  Review  ►  1.  What  is  the  primary  disadvantage  of  gate  bias? 

2.  How  does  self-bias  produce  a  negative  value  of  VGS1 

3.  What  is  the  process  usjed  to  plot  the  dc  bias  line  for  the  self-bias  circuit? 

4.  What  is  the  process  used  to  plot  the  dc  bias  line  for  the  voltage-divider  bias  circuit? 

Critical  Thinking  ►  5.  Designing  for  ID  =  0  A  is  common  for  switching  applications.  What  change  would 

you  make  to  the  circuit  shown  in  Figure  12.16  to  ensure  that  ID  =  0  A  for  any 
2N5458  used  in  the  circuit? 

6.  What  biasing  circuit  could  be  viewed  as  the  BJT  counterpart  of  self-bias?  Explain. 

7.  Refer  to  Figure  12.29a.  If  R2  opens,  what  effect  (if  any)  does  it  have  on  the  JFET 
drain  voltage  (VD)1 


12.3  AC  Operating  Characteristics:  The  Common-Source  Amplifier 


In  many  ways,  the  ac  operation  of  a  JFET  amplifier  is  similar  to  that  of  the  BJT  amplifier. 
However,  some  differences  need  to  be  examined  in  detail,  such  as  the  effects  of  changes 
in  JFET  transconductance. 
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In  the  next  two  sections,  we  will  examine  the  ac  operation  of  JFET  amplifiers.  We  will 
start  here  with  the  common-source  amplifier  simply  because  it  is  the  most  widely  used  of 
the  JFET  amplifiers.  Then,  in  the  next  section,  we  will  look  at  the  operation  of  the 
common-gate  and  source-follower  (common-drain)  amplifiers. 


12.3.1  Operation  Overview 

There  are  many  similarities  between  BJT  amplifiers  and  JFET  amplifiers.  At  the  same 
time,  there  are  differences  that  make  JFET  amplifiers  more  desirable  in  some  applications 
and  that  limit  their  use  in  others.  One  of  the  biggest  differences  is  that  JFETs  are  voltage- 
controlled  components  and  BJTs  are  current-controlled  components.  Another  major  dif¬ 
ference  is  the  input  impedance  of  the  JFET,  as  opposed  to  the  input  impedance  of  the 
BJT.  As  you  will  see,  these  differences  play  a  major  role  in  which  transistor  type  is 
selected  for  a  specific  application. 

In  general  terms,  the  JFET  amplifier  responds  to  an  input  signal  in  much  the  same  way 
as  a  BJT  amplifier.  Figure  12.31  shows  a  common-source  amplifier,  which  is  the  JFET 
counterpart  of  the  common-emitter  amplifier.  Note  that  the  input  and  output  signals  for 
the  common-source  amplifier  closely  resemble  those  of  the  common-emitter  amplifier. 
Both  amplifiers  have  a  180°  signal  voltage  phase  shift  from  input  to  output.  Both  ampli¬ 
fiers  provide  voltage  gain  for  the  input  signal. 


k.  +VDD 


Even  though  the  common-source  and  common-emitter  amplifiers  serve  the  same  basic 
purpose,  the  means  by  which  they  operate  are  quite  different.  The  ac  operation  of  the 
common-source  amplifier  is  better  explained  with  the  help  of  Figure  12.32.  The  initial  dc 
operating  values  are  represented  as  straight-line  values  in  the  blocks.  These  voltage  val¬ 
ues  are  assumed  to  be  as  follows: 


Vc  =  +8  V 
Vs  =  +12  V 


y D 

VGS 


+24  V 
Vc  ~  Vs 


-4  V 


Here’s  what  happens  when  Vc  is  caused  to  increase  by  the  input  signal: 

1.  VG  increases  to  + 10  V. 

2.  VGS  decreases  to  —2  V  ( VGS  =  VG  —  Vs=  10  V  —  12  V  =  —2  V). 

3.  The  decrease  in  VGS  causes  an  increase  in  ID,  as  shown  in  the  transconductance 
curve. 

4.  Increasing  ID  causes  VD  to  decrease  (  V,,  =  VDD  -  IdRd). 


◄  OBJECTIVE  7 


Common-source  amplifier 

The  JFET  counterpart  of  a 
common-emitter  amplifier. 


How  does  the  common-source 
amplifier  respond  to  an  input 
sighal? 
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Thus,  when  the  input  voltage  increases,  the  output  voltage  decreases.  Here  is  what 
happens  when  Vc  is  caused  to  decrease  by  the  input  signal: 

1.  VG  decreases  to  +6  V.  ^ 

2.  Vcs  increases  to  -6  V  (Vcs  =  VG  -  Vs  =  6  V  -  12  V  =  -6  V). 

3.  The  increase  in  VGS  causes  a  decrease  in  ID,  as  shown  in  the  transconductance 
curve. 

4.  Decreasing  ID  causes  VD  to  increase  (VD  -  VDD  -  IdRd). 

We  have  seen  how  a  change  in  Vcs  causes  a  change  in  Id-  When  you  start  dealing  with 
changing  quantities  of  Vjs  and  ID,  you  get  into  the  area  of  transconductance.  Next,  we 
will  take  a  look  at  transconductance  and  its  effects  on  ac  operation. 


12.3.2  Transconductance 


Transconductance  (gm ) 

A  ratio  of  a  change  in  drain 
current  (1D)  to  a  change  in  Vas, 
measured  in  microsiemens  (p,S) 
or  micromhos  (p,mhos). 


We  have  been  plotting  transconductance  curves  throughout  this  chapter  as  graphs  of  VGS 
versus  ID.  Transconductance  is  a  ratio  of  a  change  in  drain  current  to  a  change  in  gate- 
source  voltage.  By  formula, 


gm 


Alp 


(12.15) 


where  gm  =  the  transconductance  of  the  JFET  at  a  given  value  of  VGS 
A ID  =  the  change  in  ID 
A  VGS  =  the  change  in  the  value  of  VGS 
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As  a  rating,  transconductance  is  measured  in  microsiemens  (|xS)  or  micromhos  (|xmhos). 
You  may  recall  that  conductance  is  measured  in  siemens  or  mhos. 

We  have  plotted  several  transconductance  curves  throughout  the  chapter.  The  maxi¬ 
mum-value  transconductance  curve  for  the  2N5459  (shown  in  Figure  12.33)  will  help  you 
to  see  one  of  the  problems  with  using  transconductance  in  ac  calculations.  Note  that  two 
sets  of  points  were  selected  on  the  curve,  each  marking  a  A VG5  of  1  V.  Points  A,  and  A2 
correspond  to  a  change  in  VGS  of  1  V,  as  do  points  B,  and  B2-  For  each  set  of  points,  the 
corresponding  change  in  ID  is  shown. 


ID  (m  A) 


A  Vqs  =  1  V  APgs=1V 

FIGURE  12.33  The  maximum-value  transconductance  curve  for  the  2N5459. 

The  values  of  AVGS  and  their  corresponding  values  of  A lD  are  summarized  as 
follows: 


A  VG5(V) _ A/D(mA) 

-6  to -5  =  1  1.25 

-3  to  -2  =  1  2.75 


Using  equation  (12.15),  we  can  calculate  the  values  of  gm  that  correspond  to  the  changes 
above  as 


ffm(A) 


A ID 

AVcs 


1.25  mA 
IV 


=  1250  |jtS 


and 


SmlB) 


A4 

AV( 


as 


2.75  mA 
IV 


2750  |xS 


As  you  can  see,  the  value  of  gm  is  not  constant  across  the  transconductance  curve.  Figure 
12.34  shows  a  single  transconductance  curve  with  three  possible  dc  bias  lines.  A  single 


A  Practical  Consideration: 

Although  siemens  is  the 
preferred  unit  of  measure,  some 
spet^nejES  rate 
transconductanee  in  mhos.  Silk 
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JFET  operated  at  these  three  points  would  have  three  separate  values  of  gm.  Fortunately, 
the  value  of  gm  at  a  specific  value  of  Vgs  can  be  found  as 

gm  =  gJl  -7T1-)  (12.16) 

\  vGS(off)/ 

where  gm  =  the  value  of  transconductance  at  the  specific  value  of  Vcs 
gm0  =  the  maximum  value  of  gm,  measured  at  Vcs  =  0  V 

Example  12. 1 1  shows  how  the  value  of  gm  is  calculated  for  a  specific  value  of  VGS. 

EXAMPLE  12.11 _ 

The  2N5459  has  a  rating  of  gm0  =  4000  p,S.  Determine  the  values  of  gm  at  Vcs  = 

-3  V  and  VGS  =  -5  V  for  this  device.  For  the  2N5459,  VG5(off)  =  —  8  V. 

Solution:  At  VGS  =  -3  V, 

gm  =  gJ  1  -  =  (4000  jiS)(  1  -  =  (4000  |XS)(0.625)  =  2500  |rS 

\  VGS{  off)/  V  OV/ 

At  VGS  =  —5  V, 

gm  =  (4000  ^S)(l  -  =  (4000  p,S)(0.375)  =  1500  |mS 


Practice  Problem  12.11 

The  2N5486  has  maximum  values  of  gm0  =  8000  |xS  and  Vast nff  )  =  —  6  V.  Using 
these  values,  determine  the  values  of  gm  at  VGS  =  —  2  V  and  VGS  —  —  4  V. 


On  many  specification  sheets,  the  value  of  gm0  is  labeled  yfs  or  gjs.  When  no  value  of 
maximum  transconductance  is  given,  you  can  approximate  the  value  of  gm0  as 


_  'tlpss 

§mO  :  .  r 

VGS(0ff) 


(12.17) 


While  equation  (12.17)  does  not  give  you  an  exact  value  of  g,„0,  the  value  obtained  is  usu¬ 
ally  close  enough  to  serve  as  a  valid  approximation. 
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12.3.3  Amplifier  Voltage  Gain 

The  ac  operation  of  a  JFET  amplifier  is  closely  related  to  the  value  of  gm  at  the  dc  value 
of  VGS.  Consider  the  common-source  amplifier  shown  in  Figure  12.35a  and  its  ac  equiva¬ 
lent.  Note  that  the  biasing  resistors  (/?,  and  R2)  have  been  replaced  in  Figure  12.35b  with 
a  single  parallel  equivalent  resistor,  rG.  Also,  the  drain  and  load  resistances  (RD  and  RL) 
have  been  replaced  by  the  single  parallel  equivalent  resistor,  rD.  This  is  the  standard  ac 
equivalent  circuit,  as  developed  in  our  discussions  on  BJT  amplifiers. 


+  '/DD 


FIGURE  12.35  The  common-source  amplifier  and  its  ac  equivalent  circuit. 
For  Figure  12.35b,  the  voltage  gain  is  found  as 


Av  =  gmrD  (12.18) 

Equation  (12.18)  points  out  another  problem  with  the  JFET  amplifier.  As  you  can  see,  the 
value  of  Av  depends  on  the  value  of  gm.  You  have  also  been  shown  the  following: 

1.  The  value  of  gm  depends  on  the  value  of  VGS. 

2.  The  value  of  Vcs  can  vary  from  one  JFET  to  another. 

This  leads  to  the  conclusion  that  the  voltage  gain  of  an  amplifier  can  vary  significantly 
from  one  JFET  to  another.  This  point  is  illustrated  in  Example  12.12. 

EXAMPLE  12.12 _ 

Determine  the  maximum  and  minimum  values  of  Av  for  the  amplifier  shown  in  Fig¬ 
ure  12.36.  Assume  that  the  2N5459  has  values  of  gm0  =  6000  |jlS  at  V(,'V(Of0  =  —  8  V 
and  g,„o  —  2000  |iS  at  VGs(0fn  =  ~2  V. 

Solution:  The  transconductance  curves  and  dc  bias  line  for  the  amplifier  are 
shown  in  Figure  12.36b.  As  shown,  the  maximum  and  minimum  values  of  Vgs  are 
-5  V  and  -IV,  respectively.  Using  the  maximum  values  of  VG5(off)  and  Vcs,  gm  is 
found  as 


8m  «§W)\ 


!(1-t£)=<6000"s,(1^)=  225'"iS 

Using  the  minimum  values  of  VGs(off)  and  VGS,  gm  is  found  as 

(  -0.75 

gm  =  (2000  ixS)(^l  -  _2y  j  =  1250  ,xS 
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The  value  of  rD  is  found  as 

rD  =  Rn  II  Ri,  =  7.58  kli 
The  maximum  value  of  Av  can  now  be  found  as 

Av  =  rDgm{max)  =  (7.58  kii)(2250  p.S)  =  17.06 
The  minimum  value  of  Av  is  found  as 

A,  =  r^m(mjn)  =  (7.58  kil)(1250  *jlS)  =  9.48 


Practice  Problem  12.12 

The  amplifier  described  in  Practice  Problem  12.8  has  a  load  resistance  of  4.7  kfl. 
The  2N5486  has  a  gm0  range  of  4000  to  8000  jxS.  Using  the  values  of  VGS  from 
Practice  Problem  12.9,  calculate  the  range  of  Av  values  for  the  amplifier. 


12.3.4  The  Basis  for  Equation  (12.18) 

The  ac  equivalent  circuit  shown  in  Figure  12.35b  has  an  output  voltage  found  as 


Tout  —  hrD 


(12.19) 


where  vou,  =  the  output  signal  voltage 

id  =  the  change  lD  in  caused  by  the  amplifier  input  signal 


Now,  recall  that  gm  is  defined  in  equation  (12.15)  as 

Md 
Sm  A 


Another  way  of  writing  this  equation  is 


(12.20) 


488 


Chapter  12  Field-Effect  Transistors 


where  vgJ  is  the  change  in  Vcs  caused  by  the  amplifier  input  signal,  equal  to  that  input 
signal.  Equation  (12.20)  can  be  rewritten  as 

id  gnpgs 

Substituting  this  equation  into  equation  (12.19)  gives  us 

Vout  Sm^gs^O  (12.21) 

Now,  recall  that  voltage  gain  ( Av )  is  the  ratio  of  output  voltage  to  input  voltage.  By 
formula, 

v) 

We  can  rearrange  equation  (12.21)  to  obtain  a  valid  voltage-gain  formula  for  the 
common-source  JFET  amplifier: 

t^OUt 

—  =  8mrD  ^ 

vin 

or 

K  =  gm^D 

This  is  equation  (12.18). 

12.3.5  JFET  Swamping 

Just  as  the  BJT  amplifier  can  be  swamped  to  reduce  the  effects  of  variations  in  r',  we  can  -4  OBJECTIVE  8 
swamp  the  JFET  amplifier  to  reduce  the  effects  of  variations  in  gm.  The  swamped  JFET 
amplifier  closely  resembles  the  swamped  BJT  amplifier  shown  in  Figure  12.37.  As  you 
can  see,  the  source  resistance  is  only  partially  bypassed,  just  as  the  emitter  resistance  is 
partially  bypassed  in  the  swamped  BJT  amplifier. 

The  voltage  gain  of  the  swamped  JFET  amplifier  is  found  as 


(a)  (b) 

FIGURE  12.37  A  swamped  common-source  amplifier. 


Section  12.3  AC  Operating  Characteristics:  The  Common-Source  Amplifier 


489 


If  the  value  of  rs  l/g,m  the  resistor  will  swamp  out  the  effects  of  variations  in  gm.  This 
point  is  illustrated  in  Example  12.13. 

EXAMPLE  12.13 _ 

Determine  the  maximum  and  minimum  gain  values  for  the  circuit  shown  in  Figure 
12.38. 


+40  V 


FIGURE  12.38 

Solution:  Basically,  the  circuit  shown  in  Figure  12.38  is  the  same  as  the  one 
shown  in  Figure  12.36.  The  difference  of  100  fl  in  the  source  circuit  is  not  enough 
to  change  significantly  the  values  obtained  in  Example  12.12,  so  we  will  use  those 
values  here. 

Using  the  values  from  Figure  12.38  and  Example  12.12,  the  maximum  value  of 
Av  is  found  as 


rD 


7.58  kD 


rs  +  U/£*)  2.2  kO  +  444  0 

The  minimum  value  of  Av  can  be  calculated  as 


=  2.87 


r 


A  = . . =  . =  2  37 

v  rs+  (I/fc)  2.2kO+lkO 


Practice  Problem  12.13 

A  swamped  JFET  amplifier  has  values  of  rD  =  6.6  kfl,  rs  =  1.5  kfl,  and  g,„  = 
2000  to  4000  p,S.  Determine  the  range  of  Av  values  for  the  circuit. 


As  you  can  see,  the  stability  of  Av  is  much  better  for  the  swamped  amplifier  than  it  is 
for  the  standard  common-source  amplifier. 

Example  12.13  demonstrates  the  one  drawback  to  swamping  a  JFET  amplifier.  If  you 
compare  the  values  of  Av  for  Examples  12.12  and  12.13,  you  will  notice  that  you  lose 
quite  a  bit  of  gain  when  you  swamp  the  amplifier.  This  is  the  same  problem  that  we  had 
with  swamping  BJT  amplifiers.  Anytime  you  swamp  an  amplifier,  you  improve  stability 
but  you  decrease  voltage  gain.  Your  value  of  Av  may  be  much  more  stable,  but  it  will  also 
be  much  lower  than  it  was  without  the  added  swamping  resistor. 
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12.3.6  The  Basis  for  Equation  (12.22) 

The  input  voltage  to  the  circuit  in  Figure  12.37b  is  in  parallel  with  the  gate-source  circuit. 
Because  of  this,  vin  must  equal  the  sum  of  and  the  voltage  developed  across  rs.  By 
formula, 


vin  =  V  +  idrs 

Since  id  =  vgsgm,  the  equation  above  can  be  rewritten  as 

vin  =  V  +  vgsgmrs 


or 


Vin  -  v(l  +  gmrs) 

The  voltage  gain  of  the  amplifier  is  found  as 

Voul  gmvg*I  D 


vm  i'gs' 


V„(l  +  gn/s) 


Eliminating  vgs  from  the  equation  above  gives  us 


K 


_  gmrl) 
l  +  gn/S 


Finally,  we  can  multiply  the  fraction  above  by  1  in  the  form  of 

Vgm 

Vgm 


to  obtain 


=  r° 
rs  +  (1  Igm) 


This  is  equation  (12.22). 


12.3.7  Amplifier  Input  Impedance 

Due  to  the  extremely  high  input  impedance  of  the  JFET,  the  overall  input  impedance  to  a 
JFET  amplifier  is  higher  than  the  input  impedance  to  a  similar  BJT  amplifier.  For  the 
gate-bias  and  self-bias  circuits,  the  amplifier  input  impedance  is  found  as 

Zin  =  Rg  (12.23) 

For  the  voltage-divider  biased  amplifier,  Zin  is  found  as 

Zin  =  Rt  ||  R2  (12.24) 

Example  12.14  serves  to  illustrate  the  fact  that  a  JFET  amplifier  has  a  higher  value  of  Zin 
than  a  similar  BJT  amplifier. 


◄  OBJECTIVE  9 
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EXAMPLE  12.14 


Determine  the  values  of  Zin  for  the  amplifiers  shown  in  Figure  12.39. 


+10  V 


+10  V 


(a)  (b) 

FIGURE  12.39 


Solution:  Figure  12.39  shows  the  calculations  for  the  BJT  amplifier  up  to 
the  determination  of  r'e.  The  geometric  average  of  hfe  for  the  2N3904  is  200  at 
Ic  =  1  mA.  Using  the  values  shown,  the  input  impedance  to  the  BJT  amplifier  is 
found  as 


Zta  =  K,  ||  R2  ||  hf/e  =  1.29  kft 
For  the  JFET  amplifier,  the  input  impedance  is  found  as 

ZiB  =  Ri  II R2  ~  1-8  kll 


Thus,  using  the  same  biasing  resistors,  the  JFET  amplifier  has  a  higher  overall 
value  of  Zin  than  that  of  the  BJT  amplifier. 


Because  of  the  higher  input  impedance  of  the  JFET  amplifier,  the  circuit  presents  less 
of  a  load  to  its  source.  Thus,  in  any  multistage  amplifier,  the  overall  gain  of  a  source 
amplifier  is  higher  when  its  load  is  a  JFET  amplifier  rather  than  an  equivalent  BJT  ampli¬ 
fier.  Example  12.15  helps  to  illustrate'  this  point. 

EXAMPLE  12.15 _ 

The  amplifier  in  Example  12.12  is  used  to  drive  the  amplifiers  described  in  Exam¬ 
ple  12.14.  Assume  that  gm  for  the  driving  amplifier  is  fixed  at  2000  p,S.  Determine 
the  value  of  A„  for  the  driving  amplifier  when  each  load  amplifier  is  connected  to 
the  output. 

Solution :  When  the  BJT  amplifier  is  the  load,  the  value  of  rD  for  Figure  12.36  is 
found  as 


rD  =  Rd  1  Zin  =  8.2  k.Q  |  1.29  kD  =  1.11  kfl 


With  this  load,  the  voltage  gain  of  the  amplifier  is 


Av  =  gmrD  =  (2000  jjlSX1.11  kO)  =  2.22 
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When  the  JFET  amplifier  is  the  load,  the  value  of  rD  for  Figure  12.36  is  found  as 
rD  =  Rd  ||  Zin  =  8.2  kfi  ||  1.8  kO  =  1.476  kft 


With  this  load,  the  voltage  gain  of  the  amplifier  is 


A,  =  gmrD  =  (2000  p.S)(  1.476  kft)  =  2.952 


Thus,  the  gain  of  the  circuit  in  Figure  12.36  is  higher  when  driving  the  JFET  ampli¬ 
fier  than  it  is  when  driving  the  BJT  amplifier. 


12.3.8  One  Final  Note 

You  may  have  noticed  that  the  material  in  this  section  was  discussed  in  terms  of  the 
voltage-divider  biased  JFET  amplifier.  If  you  derive  the  ac  equivalent  circuits  for  the  gate- 
bias  and  self-bias  circuits,  you  will  see  that  these  ac  equivalent  circuits  are  the  same  as  the 
voltage-divider  bias  equivalent  circuit.  For  this  reason,  these  other  biasing  circuits  were  not 
discussed. 

In  this  section,  you  were  shown  that  the  JFET  common-source  amplifier  has  high  input 
impedance  when  compared  to  the  common-emitter  amplifier.  You  were  also  shown  that  the 
voltage  gain  of  the  JFET  amplifier  (which  tends  to  be  relatively  low)  changes  when  the 
value  of  transconductance  for  the  JFET  changes.  By  swamping  the  JFET  amplifier,  we  can 
reduce  the  variations  in  voltage  gain  that  occur  when  transconductance  varies.  However, 
the  increased  stability  in  voltage  gain  is  obtained  at  the  cost  of  even  lower  voltage  gain. 


1.  Explain  the  common-source  amplifier  circuit  response  to  an  ac  input  signal.  ◄  Section  Review 

2.  What  is  transconductancel 

3.  What  are  the  units  of  transconductance? 

4.  How  does  the  value  of  gm  relate  to  the  position  of  a  circuit  Q-point  on  the  transcon¬ 
ductance  curve? 

5.  What  is  the  relationship  between  JFET  amplifier  voltage  gain  and  the  value  of  Vcs 
for  the  circuit? 

6.  What  purpose  is  served  by  swamping  a  JFET  amplifier? 

7.  How  does  JFET  amplifier  input  impedance  compare  to  that  of  a  comparable  BJT 
amplifier?  Explain  your  answer. 


12.4  AC  Operating  Characteristics:  Common-Drain 
and  Common-Gate  Amplifiers 


The  common-drain  and  common- gate  configurations  are  the  JFET  counterparts  of  the  -4  OBJECTIVE  10 
common-collector  and  common-base  BJT  amplifiers.  In  this  section,  we  will  take  a  brief 
look  at  each  of  these  amplifiers. 

12.4.1  The  Common-Drain  Amplifier  (Source  Follower) 

The  source  follower  accepts  an  input  signal  at  its  gate  and  provides  an  output  signal  at  its 
source  terminal.  The  input  and  output  signals  for  this  amplifier  are  in  phase,  thus  the 
name  source  follower.  The  basic  source  follower  is  shown  in  Figure  12.40.  The  character¬ 
istics  of  the  source  follower  are  summarized  as  follows: 

Input  impedance:  High 
Output  impedance:  Low 
Gain:  Av  <  1 


Source  follower 
(common-drain  amplifier) 

The  JFET  counterpart  of  the 
emitter  follower. 
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+  ^DD 


FIGURE  12.40  The  source  follower. 


Because  of  its  input  and  output  impedance  characteristics,  the  source  follower  is  used 
primarily  as  a  buffer,  that  is,  it  is  used  to  couple  a  high-impedance  source  to  a  low- 
impedance  load.  You  may  recall  from  Chapter  10  that  the  emitter  follower  is  also  used 
for  this  purpose. 

The  voltage  gain  (A v)  of  the  source  follower  is  found  using  the  following  equation: 


rs 

rS  +  (J/gm) 


(12.25) 


The  voltage  gain  of  the 
swamped  common-source 
amplifier  is  found  as 

Jglyyg 

_ 


>D 


. 1 


where  rs  =  Rs  II  RL.  The  basis  for  equation  (12.25)  is  easy  to  see  if  you  compare  the 
source  follower  in  Figure  12.40  with  the  swamped  common-source  amplifier  shown  in 
Figure  12.37.  As  you  can  see,  both  circuits  have  some  value  of  unbypassed  source  resis¬ 
tance.  Thus,  the  voltage  gains  of  the  two  circuits  are  calculated  in  the  same  basic  fashion. 
The  only  differences  are  as  follows: 

1.  The  unbypassed  source  resistance  in  the  source  follower  is  the  parallel  combination 
of  the  source  resistor  ( Rs )  and  the  circuit  load  resistance  (RL). 

2.  The  output  voltage  from  the  source  follower  appears  across  rs.  Therefore,  rs  is  used 
in  place  of  rD  in  the  swamped  amplifier  equation. 


Since  rs  appears  in  both  the  numerator  and  the  denominator  of  equation  (12.25),  it  should 
be  apparent  that  the  value  of  Av  for  the  source  follower  will  always  beYess  than  1 . 

The  high  input  impedance  of  the  amplifier  is  caused,  again,  by  the  high  Zin  of  the 
JFET.  As  with  the  common-source  amplifier,  the  total  input  impedance  to  the  amplifier 
equals  the  parallel  equivalent  resistance  of  the  input  circuit.  When  voltage-divider  bias  is 
used,  Zin  is  found  as  -j 

Zin  =  R\  ||  Ri  (12.26) 


When  gate  bias  or  self-bias  is  used, 

Zin  =  Rg  (12-27) 


Don ’t  Forget: 

Output  impedance  is  measured 
with  the  load  disconnected. 
Thus,  rs  is  replaced  by  Rg  in 
Figure;  1 2.41  and' 

(12.38). _ 


Again,  the  high  gate  input  impedance  eliminates  it  from  any  Zin  calculations. 

The  output  impedance  of  the  amplifier  is  explained  using  the  ac  equivalent  circuit 
shown  in  Figure  12.41.  As  shown,  the  load  “sees”  the  circuit  as  a  source  resistor  in  paral¬ 
lel  with  the  input  resistance  of  the  JFET  source  (1  lgm).  Thus,  the  output  impedance  of  the 
amplifier  is  found  as 

(12.28) 
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FIGURE  12.41  Source-follower  output  impedance. 


Now,  how  does  equation  (12.28)  show  that  the  value  of  Zout  is  always  low?  The  normal 
range  of  gm  is  from  1000  |xS  up.  For  g,„  =  1000  p.S, 


--  =  — =  1  kO 
gm  0.001  ^ 

Since  we  used  the  lowest  typical  value  of  gm  in  the  calculation  above,  it  is  safe  to  say 
that  l/gm  is  typically  lower  than  1  kfi.  Since  the  total  resistance  of  a  parallel  circuit  must 
be  lower  than  any  individual  resistance  value,  it  is  safe  to  say  that  Zout  is  typically  less 
than  1  kfl.  ^ 

Example  12.16  demonstrates  the  process  of  analyzing  a  source-follower  circuit.  It  also 
illustrates  the  fact  that  the  source  follower  has  a  high  Zin,  a  low  Zout,  and  an  overall  volt¬ 
age  gain  that  is  less  than  unity. 


EXAMPLE  12.16 _ 

Determine  the  maximum  and  minimum  values  of  Av  and  Zout  for  the  circuit  shown 
in  Figure  12.42.  Also,  determine  the  value  of  Zin  for  the  circuit. 


\D  (mA) 


Solution:  Using  the  dc  bias  line  shown  in  Figure  12.42b,  we  approximate  the 
minimum  and  maximum  values  of  VGS  to  be  —0.5  V  and  —5  V,  respectively.  The 
2N5459  has  values  stated  on  the  spec  sheet  of  gm0  =  6000  jxS  at  VGSloff)  =  —  8  V 
and  gm0  =  2000  p.S  at  =  -2  V.  These  values  are  used  with  our  minimum 
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and  maximum  values  of  VGS  to  determine  the  minimum  and  maximum  values  of  gm 
as  follows: 


Smimax) 


GS(off) 


) 


6000  ixS 


)('- 


-5  V 
-8  V 


2250  (JtS 


and 


gm<m,n)  =  (2000  (xS) 


(  -0.5  V\ 


1500  p.S 


The  value  of  rs  is  now  found  as 

rs  =  II  =  5  kfl  ||  20  kfl  =  4  kfl 
Using  the  maximum  value  of  gm,  the  maximum  value  of  Av  is  found  as 


rs 


4  kfl 


rs  +  (l/gm)  4  kfl  +  444  fl 


=  0.9001 


(maximum) 


Using  the  minimum  value  of  g,„,  the  minimum  value  of  Av  is  found  as 
rs  4  kfl 


rs  +  (l/gm)  4  kfl  4-  667  fl 


=  0.8571  (minimum) 


Using  the  maximum  and  minimum  values  of  gm,  the  corresponding  values  of  Zout 
are  found  as 


Z**  =  R$  ||  —  .•=  5  kfl  ||  667  fl  =  588  fl  (maximum) 

8m 

and 

Zout  =  Rs  ||  —  =  5  kfl  II  444  fl  =  408 11 

8m 

Finally,  the  value  of  Zin  is  found  as 

=  1  R2  —  500  kfl 

1 

Practice  Problem  12.16 
The  2N5486  is  used  in  the  amplifier  shown  in  Figure  12.42.  Determine  the  range  of 
Av  and  Zout  values  for  the  circuit. 


Example  12.16  served  to  demonstrate  several  things.  First,  it  demonstrated  the  fact  that 
source  followers  have  high  input  impedance  and  low  output  impedance  values.  Even 
when  Zout  was  at  its  maximum  value,  the  ratio  of  Zin  to  Zout  was  close  to  850: 1 .  The  exam¬ 
ple  also  demonstrated  that  there  is  a  relationship  among  gm,  Av,  and  Zout.  When  gm  is  at  its 
maximum  value,  Av  is  at  its  maximum  value  and  Zout  is  at  its  minimum  value.  The  reverse 
also  holds  true.  Based  on  these  observations,  we  can  state  the  following  relationships  for 
the  source  follower: 

1.  Av  is  directly  proportional  to  gm.  . 

2.  Zout  is  inversely  proportional  to  gm. 

As  always,  the  value  of  Zin  is  not  related  to  the  value  of  gm. 
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Reference: 
sliifi  data  sheet  for  the,  2N5486 


(minimum) 

r 


You  have  been  shown  that  the  source  follower  has  high  input  impedance,  low  output 
impedance,  and  a  voltage  gain  that  is  less  than  1.  At  this  point,  we  will  take  a  look  at  the 
common-gate  amplifier. 


12.4.2  The  Common-Gate  Amplifier 


The  common-gate  amplifier  accepts  an  input  signal  at  its  source  terminal  and  provides  an 
output  signal  at  its  drain  terminal.  The  basic  common-gate  amplifier  is  shown  in  Figure 
12.43.  The  characteristics  of  the  common-gate  circuit  are  summarized  as  follows: 


Input  impedance: 
Output  impedance: 
Gain: 


Low 

High  (compared  to  Zin) 
Av  >  1 


Common-gate  amplifier 
The  JFET  counterpart  of  the 
common-base  amplifier. 


FIGURE  12.43  The  common-gate  amplifier. 


y 

As  with  the  common-base  circuit,  the  common-gate  amplifier  can  be  used  to 
couple  a  low-impedance  source  to  a  high-impedance  load.  In  this  respect,  the  com¬ 
mon-gate  circuit  (like  the  source  follower)  is  used  as  an  impedance-matching  circuit. 
Also,  like  the  common-base  amplifier,  the  common-gate  amplifier  has  a  value  of  Av 
greater  than  1 . 

Like  the  common-source  amplifier,  the  voltage  gain  of  the  common-gate  amplifier 
equals  the  product  of  its  transconductance  and  ac  drain  resistance.  By  formula, 


Av  — 


gmrD 


You  saw  the  derivation  of  this  equation  in  Section  12.3. 

The  input  signal  to  a  common-gate  amplifier  is  applied  to  its  source.  Figure  12.41 
showed  that  the  impedance  of  the  source  is  found  as  Rs  in  parallel  with  l/gm.  Thus,  the 
input  impedance  of  the  common-gate  amplifier  is  found  as 


(12.29) 


As  you  can  see,  this  is  identical  to  the  Zout  equation  (12.28)  for  the  source  follower.  This 
makes  sense  because  the  input  impedance  of  the  common-gate  amplifier  is  measured  at 
the  same  terminal  (the  source)  as  the  output  impedance  of  the  source  follower. 

Figure  12.44  shows  that  the  output  impedance  is  made  up  of  the  parallel  combination 
of  Rd  and  the  resistance  of  the  JFET  drain.  By  formula, 


Zm  =  Ho  II  rd  (12.30) 

where  rd  =  the  resistance  of  the  JFET  drain  terminal.  The  resistance  of  the  JFET  drain 
can  be  calculated  using  another  JFET  parameter:  output  admittance  ( yos ).  In  your  study 
of  basic  electronics,  you  were  taught  that  admittance  is  the  reciprocal  of  impedance.  We 


Output  admittance  (yos) 

The  admittance  of  the  JFET 
drain,  given  on  the  component's 
spec  sheet. 
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rd  Zoui 


FIGURE  12.44  Common-gate  ac  equivalent  circuit. 


can  therefore  determine  the  value  of  the  JFET  drain  resistance  by  taking  the  reciprocal  of 
yos-  By  formula, 


(12.31) 


The  value  of  rd  is  typically  much  greater  than  RD.  Because  of  this,  the  output  impedance 
can  normally  be  approximated  as 

Zout  =  Rn  (12.32) 


Example  12.17  illustrates  this  point. 

EXAMPLE  12.17 _ _ 

Determine  the  value  of  rd  for  the  JFET  in  Figure  12.45.  Also,  determine  the  mini¬ 
mum  and  approximated  values  of  Zout. 


+20  V 


FIGURE  12.45 


Solution:  The  spec  sheet  for  the  2N5459  lists  a  maximum  value  of  yos  =  50  p,S. 
Using  this  value,  the  minimum  value  of  rd  is  found  as 


r<,  =  r 

JOS 


50  p,S 


=  20  kH 


Using  this  value  of  rd,  the  minimum  value  of  Zout  is  found  as 


Zout  =  Rd  II  rd  =  1  kO  II  20  kft  =  952 11 
The  approximated  value  of  Zou,  is  found  as 

Zout  =  Rf>  =  1  kil 
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In  Example  12.17,  the  maximum  value  of  y„s  was  used  to  find  the  minimum  value  of  rd. 
This  was  done  to  illustrate  a  point.  When  the  minimum  value  of  rd  was  used,  the  value  of 
Zout  was  still  within  10%  of  the  approximated  value.  If  you  were  to  use  any  higher  value 
of  rd,  the  minimum  and  approximated  values  of  Zout  would  be  even  closer  to  each  other. 
For  example,  the  spec  sheet  for  the  2N5459  lists  a  typical  value  of  yos  =  10  |xS.  Using 
this  value,  rd  =  100  kfl.  Using  this  value  for  rd,Zom  is  calculated  as  990  Cl.  This  is  even 
closer  to  the  approximated  value  of  Zout  than  the  value  obtained  in  Example  12.17.  We 
can  therefore  assume  that  equation  (12.32)  is  valid  in  all  cases. 

At  this  point,  we  have  covered  the  most  basic  JFET  circuits.  Other  circuits  that  use 
JFETs  will  appear  off  and  on  throughout  the  remainder  of  this  book  and  will  be  discussed 
at  the  appropriate  points. 


JFET  Amplifier  Configurations 


Characteristics 


AC  relationships 


Relatively  low  voltage 
gain  (<1Q0). 

High  input  impedance 
and  output  impedance. 
Typically  used  as  a 
voltage  amplifier. 


Common-Drain 
Source  Follower) 


Low  voltage  gain  (<1). 
High  input  impedance. 
Low  output  impedance, 
Typically  used  as  a 
buffer  (to  a  low  Z  load). 


FIGURE  12.46 
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12.4.3  Summary 

You  have  now  been  shown  the  gain  and  impedance  characteristics  of  the  common-source, 
source-follower,  and  common-gate  amplifiers.  These  three  amplifiers  and  their  character¬ 
istics  are  summarized  in  Figure  12.46. 


Section  Review  ► 


1.  What  are  the  gain  and  impedance  characteristics  of  the  source  follower? 

2.  List,  in  order,  the  steps  taken  to  determine  the  range  of  A  v  values  for  a  source  follower. 

3.  What  are  the  gain  and  impedance  characteristics  of  the  common-gate  amplifier? 


12.5  Troubleshooting  JFET  Circuits 


JFET  faults  are  relatively  easy  to  diagnose  because  JFETs  have  only  one  junction  (although 
shorts  and  opens  may  develop  between  any  two  terminals).  As  you  will  see,  JFETs  can  be 
tested  without  removing  them  from  their  circuits.  You  will  also  see  that  JFET  amplifier 
troubleshooting  is  approached  in  the  same  manner  as  is  BJT  amplifier  troubleshooting. 


12.5.1  JFET  Faults 


OBJECTIVE  1 1  ►  JFET  faults  are  about  as  difficult  to  detect  as  a  flat  tire  because  there  is  only  one  junction 
that  can  develop  a  fault.  To  make  things  even  easier,  the  shorted-j unction  and  open-junction 
JFETs  have  distinct  symptoms  that  can  be  observed  in  the  circuit.  Therefore,  minimum 
effort  is  required  to  determine  whether  or  not  the  JFET  is  the  cause  of  an  amplifier  failure. 

Figure  12.47a  shows  the  normal  operating  characteristics  in  a  voltage-divider  biased 
JFET  amplifier.  Note  that  the  circuit  has  the  following  operating  characteristics: 

1.  The  current  through  R\  is  equal  to  the  current  through  R2. 

2.  The  source  and  drain  terminal  currents  are  equal. 

3.  There  is  no  current  through  the  gate  terminal  of  the  device. 


What  are  the  normal  JFET 


What  are  the  symptoms  of  a 


The  shorted-junction  JFET  has  the  current  characteristics  shown  in  Figure  12.47b. 
Since  the  gate-source  junction  is  shorted,  Vcs  is  approximately  0  V.  As  a  result,  ID  =  IDSS- 
Since  there  is  some  amount  of  gate  current  (as  shown  in  the  figure),  Is  and  ID  will  not  be 
equal  (as  is  usually  the  case).  The  gate  current  also  affects  the  biasing  circuit,  so  I j  A  /2. 
These  are  the  classic  symptoms  of  a  shorted  gate.  In  summary:  r 


1.  /]  A  /2 

2.  I D  =  IDSs 

3.  Is  A  I d 

4.  Ia  >  0 


|  What  are  the  symptoms  of  an 

m 


The  open-junction  JFET  can  be  detected  by  observing  two  simple  conditions: 

1.  vGS*ov 

2.  I D  =  IDSs 


You  see,  with  the  gate  junction  open,  the  depletion  layer  that  normally  restricts  ID  can¬ 
not  form.  At  the  same  time,  VGS  is  at  some  measurable  value.  If  you  have  a  measurable 
value  of  VGS  and  ID  is  approximately  equal  to  IDSS,  the  gate-source  junction  of  the  JFET  is 
open.  The  circuit  conditions  that  relate  to  this  fault  are  shown  in  Figure  12.47c. 


12.5.2  JFET  Circuit  Troubleshooting 

As  with  any  other  amplifier,  you  start  the  troubleshooting  process  by  making  sure  that  the 
amplifier  is  the  source  of  the  trouble.  (This  point  cannot  be  stressed  often  enough.)  When 
you  find  a  JFET  amplifier  with  an  abnormal  output,  check  to  make  sure  that  the  amplifier 
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(c)  Open  junction 

FIGURE  12.47  JFET  fault  symptoms. 

source  has  a  good  output  signal,  and  check  the  VDD  and  ground  connections  to  the  circuit. 
If  all  these  tests  have  the  proper  results,  you  can  assume  that  the  amplifier  is  faulty. 

We  will  restrict  our  discussion  of  amplifier  faults  to  open  components.  As  you  know, 
most  resistors  do  not  simply  develop  a  shorted  condition.  If  a  resistor  is  shorted,  the  short 
is  usually  caused  by  another  component  or  a  solder  bridge.  A  visual  inspection  will  elimi¬ 
nate  these  possibilities. 

For  the  voltage-divider  biased  circuit,  the  common  faults  and  their  symptoms  are  listed 
in  Table  12.1.  Refer  to  Figure  12.47a  to  identify  the  components. 


TABLE  12.1 

JFET  Troubleshooting 

Fault 

Symptoms 

Ri  open 

Vcs  increases;  /2  =  0;  VD  increases;  the 
circuit  acts  as  a  self-bias  circuit. 

R2 open 

JFET  is  destroyed  by  forward  bias;  if  the 
JFET  is  replaced,  the  new  component  is 
also  destroyed;  V2  increases. 

RD  open 

VD  =  0  V;  all  terminal  currents  drop  to  0. 

Rs open 

To  =  VDD-  VRD  =  0  V. 

Of  the  problems  listed,  Rt  going  open  is  the  most  difficult  to  detect.  If  R,  opens,  it  is 
like  removing  the  component  from  the  circuit.  If  you  do  that,  you  simply  have  a  self-bias 
circuit.  Because  of  this,  R{  could  open  and  the  unit  containing  the  amplifier  could  take  a 
long  time  to  fail.  The  main  effect  of  7?,  opening  on  circuit  operation  is  a  shift  of  the 
Q-point.  If  the  amplifier  develops  a  problem  with  output  signal  clipping,  check  the  volt¬ 
age  across  Rt.  If  this  voltage  is  equal  to  VDD,  the  component  is  open. 
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If  R2  opens,  the  component  is  effectively  removed  from  the  gate  circuit,  leaving  VDD 
and  /?,.  At  the  instant  R2  opens,  the  current  path  through  Rt  is  interrupted,  dropping  the 
voltage  across  /?i  to  0  V.  This  places  VDD  at  the  gate  of  the  JFET,  which  will  forward  bias 
(and  possibly  destroy)  the  component.  If  the  JFET  is  replaced,  the  new  JFET  may  also  be 
damaged  or  destroyed. 

If  Rd  opens,  it  effectively  removes  VDD  from  the  drain-source  circuit.  All  the  supply 
voltage  is  dropped  across  the  open  component,  so  the  voltage  from  the  drain  to  ground 
(VD)  equals  0  V.  Also,  the  lack  of  supply  voltage  causes  the  drain  and  source  currents  to 
drop  to  zero. 

If  Rs  opens,  the  current  through  the  source  terminal  of  the  JFET  drops  to  zero.  Since 
Rs  is  open,  Vs  equals  the  supply  voltage  (VDD).  Since  Vs  =  VDD,  VGS  is  more  negative 
than  normal,  possibly  more  negative  than  the  JFET’s  VGs(o«)  rating.  At  the  same  time,  the 
gate  circuit  is  unaffected,  meaning  that  all  voltages  in  the  gate  circuit  are  normal. 

Now,  let’s  put  all  this  into  perspective  by  going  through  a  couple  of  troubleshooting 
applications. 


Application  12.1 


The  circuit  shown  in  Figure  12.48  is  verified  as  being  faulty  when  the  amplifier  signals  and  supply 
connections  are  checked.  After  disconnecting  the  input,  the  voltages  shown  are  measured.  The  sup¬ 
ply  voltage  ( VDD )  is  dropped  across  one  of  the  biasing  resistors  (R2),  indicating  that  the  resistor  is 
open.  But  where  do  the  other  readings  come  from?  Is  there  another  problem  in  the  circuit?  The 
answer  is  yes. 


+20  V 


FIGURE  12.48 


When  R2  opened,  the  gate-source  junction  of  the  JFET  became  forward  biased  by  the  +20  V 
applied  to  its  gate.  The  current  drawn  through  the  gate  by  this  voltage  caused  the  gate  to  open. 
When  the  gate-source  junction  of  the  JFET  opened,  there  was  no  depletion  layer  to  restrict  the  cur¬ 
rent  through  its  channel.  Thus,  the  current  through  the  drain  and  source  circuits  increased  as  much 
as  Rd,  Rs,  and  the  channel  resistance  would  allow — in  this  case,  to  approximately  1.62  mA.  The 
1 .62  mA  through  the  source  circuit  developed  1 1  V  across  Rs.  The  9  V  difference  between  VG  and 
Vj  is  measured  across  the  open  gate-source  junction  of  the  JFET.  Note  the  polarity  ofVGS.  The  posi¬ 
tive  value  ofVGS  is  a  good  indication  that  the  JFET  gate-source  junction  has  opened.  In  this  case, 
both  R2  and  the  JFET  must  be  replaced.  ® 


Application  12.2 


The  circuit  shown  in  Figure  12.49  has  been  verified  as  being  faulty.  After  disconnecting  the  input, 
the  voltages  shown  are  measured.  This  problem  is  a  simple  one.  The  fact  that  VDD  is  measured 
across  the  source  resistor  indicates  that  Rs  is  open.  Note  that  the  lack  of  ID  causes  the  reading 
shown  across  the  drain  resistor.  Also,  the  gate  circuit  is  not  affected  by  the  fault,  so  the  voltage 
readings  across  Rt  and  R2  are  normal.  ® 


We  have  touched  on  only  two  problems  that  can  develop  in  a  JFET  amplifier.  How¬ 
ever,  using  a  solid  understanding  of  the  component  and  a  little  common  sense,  you  should 
have  no  difficulty  in  diagnosing  JFET  amplifier  faults. 
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1.  What  is  the  primary  difference  between  troubleshooting  IFET  amplifiers  and  BJT  ◄  Section  Review 
amplifiers? 

2.  List  the  common  symptoms  of  a  shorted-gate  junction. 

3.  List  the  common  symptoms  of  an  open-gate  junction. 

4.  Describe  the  procedure  used  to  troubleshoot  a  JFET  amplifier. 

j 


12.6  JFET  Specification  Sheets  and  Applications 


Up  to  this  point,  we  have  based  our  calculations  on  several  JFET  ratings.  Now,  we  will 
look  at  the  common  JFET  ratings,  what  they  mean,  and  when  they  are  used.  In  this  sec¬ 
tion,  we  also  take  a  look  at  some  practical  JFET  applications. 


12.6.1  JFET  Specification  Sheets 

We  have  used  the  parameters  of  the  2N5486  in  many  of  the  example  practice  problems.  ◄  OBJECTIVE  12 
In  this  section,  we  use  the  spec  sheet  for  this  device,  shown  in  Figure  12.50. 


12.6.2  Maximum  Ratings 


Most  of  the  maximum  ratings  for  these  devices  are  self-explanatory  at  this  point.  In  our 
BJT  spec  sheet  discussions,  we  covered  all  the  commonly  used  maximum  voltage,  cur¬ 
rent,  and  power  ratings.  The  JFET  maximum  ratings  are  no  different. 

One  maximum  rating  may  surprise  you:  the  forward  gate  current  (/G(/)).  In  the  sec¬ 
tion  of  maximum  ratings  in  Figure  12.50,  you  will  see  the  following: 

Rating  Symbol  Value  Unit 

Forward  gate  current  /G(/)  10  mA 


Forward  gate  current  (/gc/)) 
The  maximum  amount  of 
current  that  can  be  drawn 
through  the  JFET  gale  without 
damaging  the  device. 


This  rating  indicates  that  the  gate  can  handle  a  maximum  forward  current  of  10  mA.  Does 
this  mean  that  the  device  can  be  operated  in  the  forward  region?  No.  The  control  of  drain 
current  depends  on  the  amount  of  reverse  bias  on  the  JFET  gate.  The  maximum  drain  cur¬ 
rent  (loss)  is  reached  when  the  reverse  bias  reaches  0  V.  Any  increase  in  VGS  above  0  V  does 
not  cause  an  increase  in  ID.  However,  should  the  gate  accidentally  become  forward  biased, 
l G  must  be  greater  than  10  mA  for  the  device  to  be  destroyed.  As  long  as  Ia<  10  mA,  the 
device  will  be  safe. 
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JFET  VHF/UHF  Amplifiers 

N-Channel-Depletion 

GATE 


MAXIMUM  RATINGS 


Symbol 

.  Value  ' 

Unll 

Drain-Gate  Voltage 

VdG 

25 

Vdc 

Reverse  Gate-Source  Voltage 

vgsr 

25 

Vdc 

Drain  Current 

b 

30 

mAdc 

Forward  Gate  Current 

>G(f) 

10 

mAdc 

Total  Device  Dissipation  @  Tq  =  25°C 

Pd 

350 

mW 

Derate  above  25°C 

2.8 

mW/°C 

Operating  and  Storage  Junction 

Tji  Ts(g 

-65  to +150 

°C 

Temperature  Range 

ELECTRICAL  CHARACTERISTICS  0a  =  25°C  unless  otherwise  noted) 


OFF  CHARACTERISTICS 


Gate-Source  Breakdown  Voltage 
(lQ=-1.0pAdc,  VDS  =  0) 

V(BR)GSS 

-25 

— 

— 

Vdc 

Gate  Reverse  Current 
(Vqs  =  -20  Vdc,  VDS  =  0) 

lGSS 

_ 

_ 

-1.0 

nAdc 

(Vqs  =  -20  Vdc,  Vqs  =  0,  TA  =  100°C) 

— 

— 

-0.2 

pAdc 

Gate  Source  Cutoff  Voltage 
(Vqs  =  15  Vdc,  Iq  =  10  nAdc) 

VGS(off) 

-2.0 

-6.0 

Vdc 

ON  CHARACTERISTICS 


Zero-Gate-Voltage  Drain  Current 

IDSS 

8.0 

— 

20 

mAdc 

(Vqs  -  15  Vdc,  VGS  =  0) 

SMALL-SIGNAL  CHARACTERISTICS 


Forward  T  ransfer  Admittance 
(Vqs  =  1 5  Vdc,  Vqs  =  0,  f  =  1 .0  kHz) 

W 

4000 

— 

8000 

(imhos 

Input  Admittance 

(Vqs  « 15  Vdc,  Vqs  =  0,  f  =  400  MHz) 

Re(yis) 

— 

— 

1000 

pmhos 

Output  Admittance 

(Vqs  =  15  Vdc,  VGS  =  0,  f  =  1 .0  kHz) 

lyosl 

— 

— 

75 

Hi^ihos 

Output  Conductance 
(Vqs  =  1 5  Vdc,  Vqs  =  0,  f  =  400  MHz) 

Re(y0s) 

— 

— 

100 

nmhos 

Forward  Transconductance 
(Vqs  =  15  Vdc,  Vqs  =  0,  f  =  400  MHz) 

Re(yts) 

3500 

— 

— 

pmhos 

FIGURE  12.50  (Copyright  of  Semiconductor  Component  Industries,  LLC.  Used  by 
permission.) 


Gate-source  breakdown 
voltage  (V(BR)GSs) 

The  value  of  VGS  that  can  cause 
the  gate-source  junction  to 
break  down. 

Gate  reverse  current  (/gss) 
The  maximum  amount  of  gate 
current  that  will  be  generated 
through  a  reverse-biased  gate- 
source  junction. 


12.6.3  Off  Characteristics 

The  gate-source  breakdown  voltage  (V(b«>gss)  defines  the  limit  on  VGS.  If  VGS 
is  allowed  to  reach  this  value,  the  junction  may  break  down  and  the  JFET  may  have  to 
be  replaced.  For  the  2N5486  JFET.  the  gate-'source  breakdown  voltage  is  shown  to 
be  -25  V. 

The  gate  reverse  current  ( IGss )  rating  indicates  the  maximum  value  of  gate  current 
when  the  gate-source  junction  is  reverse  biased.  For  the  2N5486  JFET,  this  rating  is  —  1  nA 
when  the  ambient  temperature  (TA)  is  25°C.  Note  that  the  negative  current  value  is  used  to 
indicate  the  direction  of  the  gate  current.  lGSS  is  a  temperature-dependent  rating.  As  the 
spec  sheet  shows,  the  value  of  ICSs  increases  as  temperature  increases.  (The  relationship 
between  junction  reverse  current  and  temperature  was  first  discussed  in  Chapter  2.) 
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Since  we  have  already  discussed  VGS(off)  and  IDSS  (which  is  listed  under  “On  Character¬ 
istics”  in  Figure  12.50)  in  detail,  we  will  not  discuss  them  further  here. 


12.6.4  Small-Signal  Characteristics 


At  first  glance,  this  section  of  the  spec  sheet  can  be  somewhat  confusing  because  there 
are  several  yfs  and  yos  parameters  listed.  Which  do  we  use?  To  answer  this  question,  we 
have  to  review  briefly  some  basic  ac  principles. 

Conductance  is  the  reciprocal  of  resistance.  Susceptance  is  the  reciprocal  of  reactance. 
Combined,  they  make  up  admittance,  which  is  the  reciprocal  of  impedance  (the  combina¬ 
tion  of  resistance  and  reactance).  While  resistance,  reactance,  and  impedance  are  all  mea¬ 
sures  of  opposition  to  current ,  conductance,  susceptance,  and  admittance  are  all  measures 
of  the  relative  ease  with  which  current  can  be  generated  through  a  component. 

The  forward  transfer  admittance,  input  admittance,  and  output  admittance  ratings  all 
take  the  effects  of  susceptance  into  account.  You  see,  the  JFET  has  measurable  input  and 
output  capacitances.  These  capacitances  all  have  some  amount  of  reactance  and,  thus, 
some  amount  of  susceptance.  The  admittance  ratings  include  these  values  of  susceptance. 
The  output  conductance  and  forward  transconductance  ratings,  on  the  other  hand,  take 
only  the  component  resistance  into  account. 

The  bottom  line  is  this:  Admittance  values  are  based  on  both  component  resistance  and 
component  reactance.  Conductance  values  are  based  solely  on  component  resistance  val¬ 
ues.  The  question  now  is:  Which  ratings  should  be  used  for  circuit  analysis? 

If  you  look  closely  at  the  2N5486  spec  sheet,  you’ll  see  that  the  following  ratings  were 
measured  at/  =  400  MHz: 


The  discussion  here  on 
conductance,  susceptance,  and 
admittance  is  very  brief  and  is 

intended 


■  Input  admittance 

■  Output  conductance 

■  Forward  transconductance 


If  you  are  analyzing  a  circuit  that  is  operated  at  or  near  this  frequency  range,  you  should 
use  these  ratings  in  your  analysis. 

The  following  ratings  were  all  measured  at/  =  1  kHz: 

■  Forward  transfer  admittance 

■  Output  admittance 

If  you  are  analyzing  a  circuit  that  is  operated  at  or  near  this  frequency,  you  should  use 
these  ratings  in  your  analysis. 

The  problem  we  have  encountered  in  this  section  of  the  JFET  spec  sheet  brings  up  a 
very  interesting  point.  On  many  spec  sheets,  you  will  find  multiple  ratings  that  use  the 
same  unit  of  measure.  When  this  occurs,  you  will  always  find  that  one  or  more  of  the 
conditions  under  which  the  ratings  were  measured  differ  between  the  two  ratings.  (In  this 
case,  the  frequency  of  operation  differed  among  the  various  ratings.)  When  this  occurs, 
you  should  check  to  see  which  ratings  were  measured  under  the  conditions  that  most 
closely  resemble  those  of  the  circuit  you  are  analyzing,  then  use  those  ratings  in  your  cir¬ 
cuit  analysis.  For  example,  if  we  were  analyzing  a  circuit  that  has  an  operating  frequency 
of  10  kHz,  we  should  use  the  forward  transfer  admittance  rating  for  our  gm0  values  and 
the  output  admittance  to  find  the  value  of  rd.  If  we  were  analyzing  a  circuit  that  has  an 
operating  frequency  of  70  MHz,  we  would  use  the  forward  transconductance  rating  to 
obtain  our  gm0  value  and  the  output  conductance  rating  to  obtain  our  value  of  rd. 


12.6.5  JFET  Capacitance  Ratings 

JFETs  have  three  capacitance  ratings  that  affect  the  high-frequency  operation  of  the  com¬ 
ponents.  These  ratings  are  discussed  in  detail  in  Chapter  14.  At  this  point,  we  will  briefly 
discuss  several  JFET  circuit  applications. 
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12.6.6  JFET  Applications 

The  high  input  impedance  of  the  JFET  amplifier  makes  it  ideal  for  use  in  situations  where 
source  loading  is  a  critical  consideration.  For  example,  consider  the  circuit  shown  in  Figure 
12.51.  The  JFET  amplifier  is  used  as  a  buffer  between  the  source  amplifier  and  the  load. 
Because  of  the  high  input  impedance  of  the  JFET  amplifier  (5  Mfl),  the  amplifier  presents 
virtually  no  load  to  the  source  amplifier.  This  has  the  effect  of  increasing  the  voltage  gain  of 
the  source  stage.  Recall  that  the  gain  of  a  BJT  common-emitter  amplifier  is  found  as 


If  the  load  resistor  had  been  connected  directly  to  the  source  stage,  the  gain  of  the  source 
stage  would  have  been  found  as 


„  2.65  kfl 

A  zzz  . . . . 

X*  - 


where  2.65  kfi  is  the  parallel  combination  of  Rc  and  RL.  With  the  JFET  buffer,  the  gain  of 
the  first  stage  is  found  as 


RF  amplifier 

Radio  frequency  amplifier; 
the  input  circuit  of  a 
communications  receiver. 


Regardless  of  the  value  of  r'e  for  the  first  stage,  the  gain  of  that  stage  is  increased  due  to 
the  use  of  the  buffer  amplifier.  The  low  Zout  of  the  buffer  would  also  increase  the  signal 
voltage  at  the  load.  Thus,  the  overall  circuit  works  much  more  efficiently  with  the  buffer 
amplifier  than  without  it. 

In  communications  electronics,  the  JFET  is  used  for  a  variety  of  functions.  One  of 
these  is  as  the  active  component  in  an  RF  amplifier  (radio  frequency  amplifier).  The  RF 
amplifier  is  the  first  circuit  to  which  a  receiver  input  signal  is  applied.  A  JFET  RF  ampli¬ 
fier  is  shown  in  Figure  12.52.  The  gate  and  drain  circuits  of  the  amplifier  are  tuned  cir¬ 
cuits,  meaning  that  they  are  designed  to  operate  at  or  around  specified  frequencies.  We 
will  cover  tuned  amplifiers  later  in  the  text.  The  advantage  of  using  the  JFET  in  this  cir¬ 
cuit  is  that  JFETs  are  low-noise  components.  As  you  know,  noise  is  any  unwanted  inter¬ 
ference  with  a  transmitted  signal.  Noise  can  be  generated  by  either  the  transmitter  or 
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FIGURE  12.52  A  JFET  RF  amplifier. 

receiver  or  by  factors  outside  the  communications  system.  The  JFET  will  not  generate 
any  significant  amount  of  noise  and,  thus,  is  useful  as  an  RF  amplifier.  Another  advantage 
of  using  the  JFET  RF  amplifier  is  that  it  requires  no  input  current  to  operate.  The  antenna 
receives  a  weak  signal  that  generates  very  little  current.  Since  the  JFET  is  a  voltage- 
controlled  component,  it  is  well  suited  to  respond  to  the  low  current  signal  provided  by 
the  antenna. 

There  are  many  other  applications  for  JFET  amplifiers.  In  this  section,  we  have  looked 
at  only  a  few  of  them.  The  main  thing  to  remember  is  that  a  JFET  amplifier  is  used  to 
serve  the  same  basic  purpose  as  a  BJT  amplifier.  In  applications  where  it  is  advantageous 
to  have  a  high  Zin  amplifier,  the  JFET  amplifier  is  preferred  over  the  BJT  amplifier. 


1.  Define  each  of  the  following  JFET  ratings:  gate  current,  gate-source  breakdown  volt¬ 
age,  gate  reverse  current,  gate-source  cutoff  voltage,  and  zero  gate  voltage  drain  current. 

2.  What  is  the  advantage  of  using  a  JFET  buffer  over  a  BJT  buffer? 

3.  What  is  an  RF  amplifier ? 

4.  What  advantages  does  the  JFET  RF  amplifier  have  over  the  BJT  RF  amplifier? 


Here  is  a  summary  of  the  major  points  made  in  this  chapter: 

1.  A  field-effect  transistor  (FET)  is  a  voltage-controlled  device. 

2.  There  are  two  basic  types  of  FETs: 

a.  The  junction  FET  (or  JFET) 

b.  The  metal-oxide-semiconductor  FET  (or  MOSFET) 

3.  A  JFET  has  only  a  single  n-type  material  and  a  single  /7-type  material  (see  Fig¬ 
ure  12.1). 

4.  The  terminals  of  a  JFET  are  called  the  source,  drain,  and  gate. 

a.  The  source  is  the  JFET  counterpart  of  the  BJT  emitter. 

b.  The  drain  is  the  JFET  counterpart  of  the  BJT  collector. 

c.  The  gate  is  the  JFET  counterpart  of  the  BJT  base. 

5.  There  are  two  types  of  JFETs: 

a.  The  n-channel  JFET  has  an  n-type  channel  surrounded  by  a  p-type  gate. 

b.  The  p-channel  JFET  has  a  p-type  channel  surrounded  by  an  n-type  gate. 

The  schematic  symbols  for  these  components  are  shown  in  Figure  12.2. 
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6.  In  terms  of  circuit  operation,  the  n-channel  and  p-channel  JFETs  differ  only  in  their 
current  directions  and  the  polarities  of  their  supply  voltages  (see  Figure  12.3). 

7.  JFET  operation  is  based  on  varying  the  width  of  the  channel  to  control  drain 
current. 

a.  Drain  current  varies  inversely  with  the  cross-sectional  area  of  the  channel. 

b.  The  cross-sectional  area  of  the  channel  can  be  decreased  by  effectively  increas¬ 
ing  the  width  of  the  gate. 

8.  When  the  gate-source  junction  of  a  JFET  is  reverse  biased,  a  depletion  layer  forms 
around  the  junction.  This  depletion  layer  reduces  the  cross-sectional  area  of  the 
channel. 

9.  The  channel  width  of  a  JFET  can  be  decreased  by  maintaining  a  constant  VDS  and 
increasing  the  value  of  VGS  (see  Figure  12.5). 

a.  When  VGS  =  0  V,  drain  current  reaches  its  maximum  value,  IDSS. 

b.  As  VGS  becomes  more  negative,  the  channel  narrows.  When  VGS  reaches  a  speci¬ 
fied  value,  Vision),  channel  is  closed  off  and  drain  current  drops  to  near  0  A. 

10.  The  channel  width  of  a  JFET  can  be  decreased  by  maintaining  a  constant  VGS  and 
increasing  the  value  of  VDS  (see  Figure  12.6). 

a.  As  VDS  increases,  channel  width  decreases  and  drain  current  increases  (to  a 
point). 

b.  Once  Vds  reaches  a  specified  value,  called  the  pinch-off  voltage  (Vp),  further 
increases  in  VDS  do  not  cause  increases  in  ID. 

11.  The  region  of  JFET  operation  defined  by  Vp  <  V ns  ■'C  VBR  is  called  the  constant- 
current  region  (see  Figure  12.7). 

12.  VGS(off)  and  VP  always  have  the  same  magnitude;  that  is,  VGs(oft)  =  -  VP.  Since  they 
have  the  same  magnitude,  only  one  of  the  two  values  is  usually  listed  on  a  JFET 
spec  sheet. 

13.  Since  the  gate-source  junction  of  a  JFET  is  reverse  biased  under  normal  circum¬ 
stances,  the  gate  has  extremely  high  input  impedance,  typically  in  the  high  MQ 
range. 

14.  The  gate-source  junction  of  a  JFET  is  not  designed  to  handle  any  significant 
amount  of  current.  As  such,  the  component  may  be  destroyed  if  the  junction  is  for¬ 
ward  biased. 

15.  The  transconductance  curve  for  a  JFET  represents  all  the  possible  combinations  of 
IG  and  Vgs  for  the  device. 

16.  The  lnSs  and  Vc.v(off)  ratings  for  a  JFET  always  form  the  end  points  of  its  transcon¬ 
ductance  curve. 

17.  Most  JFET  spec  sheets  list  minimum  and  maximum  values  of  IDSS  and  V,G5(0ff). 
When  this  is  the  case,  both  curves  are  plotted  and  used  in  the  analysis  of  the  circuit. 
(See  Example  12.3.) 

18.  Gate  bias  is  the  JFET  counterpart  of  base  bias. 

a.  A  gate-bias  circuit  uses  a  negative  gate  supply  voltage  (-VGG)  to  establish  a 
negative  VGS  (see  Figure  12.14). 

b.  The  primary  drawback  of  gate  bias  is  that  it  does  not  provide  a  stable  g-point 
from  one  JFET  to  another  (see  Figure  12.17  in  Example  12.5). 

19.  The  line  that  represents  all  possible  g-point  combinations  of  ID  and  VGS  for  a  JFET 
biasing  circuit  is  referred  to  as  the  dc  bias  line. 

20.  Self-bias  is  a  JFET  biasing  circuit  that  uses  a  source  resistor  to  establish  a  negative  VGS. 

a.  The  gate  terminal  is  returned  to  ground  via  a  gate  resistor  (see  Figure  12.20). 

b.  Since  there  is  no  current  in  the  gate  circuit,  the  JFET  gate  is  at  0  V. 

c.  The  current  through  the  source  resistor  ( Rs )  establishes  a  positive  voltage  at  the 
JFET’s  source  terminal. 

d.  Since  the  gate  potential  (0  V)  is  more  negative  than  the  source  potential  (IoRs)> 
the  gate-source  junction  of  the  JFET  is  reverse  biased. 

21.  Self-bias  produces  a  more  stable  g-point  value  of  ID  than  gate  bias  (see  Figure 
12.24). 

22.  Voltage-divider  bias  can  be  used  to  provide  even  greater  g-point  stability  than  self¬ 
bias.  The  g-point  stability  for  voltage-divider  bias  is  illustrated  in  Figure  12.28. 
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23.  Current-source  bias  provides  high  g-point  stability  by  making  the  value  of  ID  inde¬ 
pendent  of  the  JFET. 

a.  The  value  of  I D  for  current-source  bias  is  established  using  a  BJT  (see  Fig¬ 
ure  12.29). 

b.  Because  of  the  complexity  of  the  circuit,  current- source  bias  is  rarely  used.  (In 
most  applications,  voltage-divider  bias  provides  sufficient  g-point  stability.) 

24.  The  common-source  amplifier  is  the  JFET  counterpart  of  the  common-emitter 
amplifier. 

25.  Transconductance  ( gm )  is  a  ratio  of  a  change  in  drain  current  (A/D)  to  a  change  in 
gate-source  voltage  (AVGS). 

a.  Transconductance  is  typically  measured  in  microsiemens  (p,S)  or  micromhos 
(ixmhos). 

b.  The  value  of  gm  for  a  JFET  varies  from  one  value  of  Vgs  to  another  (see 
Figure  12.33). 

26.  The  voltage  gain  of  the  common-source  amplifier  is  directly  proportional  to  the 
value  of  gm. 

27.  Since  gm  depends  on  the  value  of  VGS  (which  can  vary  from  one  JFET  to  another), 
the  value  of  Av  can  vary  significantly  from  one  JFET  to  another. 

28.  A  swamping  resistor  can  be  added  to  the  source  circuit  of  a  common-source  ampli¬ 
fier  to  reduce  the  effects  of  variations  in  gm  (see  Figure  12.37).  The  addition  of  a 
swamping  resistor  results  in  lower  but  more  stable  voltage  gain. 

29.  The  overall  input  impedance  of  a  JFET  amplifier  is  greater  than  that  of  a  compara¬ 
ble  BJT  amplifier. 

30.  The  common-drain  amplifier  (or  source  follower)  is  the  JFET  counterpart  of  the 
emitter  follower.  The  source  follower  has: 

a.  High  input  impedance 

b.  Low  output  impedance 

c.  Voltage  gain  that  is  less  than  1 

d.  Input  and  output  signal  voltages  that  are  in  phase 

31.  The  common-gate  amplifier  is  the  counterpart  of  the  common-base  amplifier. 

32.  The  common  gate  amplifier  has: 

a.  Low  input  impedance 

b.  High  output  impedance  (compared  to  Zin) 

c.  Voltage  gain  that  is  greater  than  1 

d.  Input  and  output  signal  voltages  that  are  in  phase 

33.  JFET  faults  are  relatively  easy  to  detect  because  the  component  contains  only  one 
pn  junction. 

a.  The  primary  symptoms  of  a  shorted  gate-source  junction  are  lower  than  normal 
TGs,  /G  >  0  A,  and  lD  =  loss- 

b.  The  primary  symptoms  of  an  open  gate-source  junction  are  ID  =  IDSs  while 
VgsA0V. 

34.  The  gate  current  (/G)  rating  of  a  JFET  indicates  the  maximum  amount  of  current 
that  can  be  drawn  through  the  JFET  gate  without  damaging  the  device. 

35.  The  gate-source  breakdown  voltage  {V(BR)GSS)  is  the  maximum  allowable  value  of  Vcs. 

36.  JFET  spec  sheets  commonly  identify  maximum  transconductance  ( gm0 )  as  either 
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-  PRACTICE  PROBLEMS 

Section  12.1 

1.  A  JFET  amplifier  has  values  of  IDSS  =  8  mA,  VG5(o(f)  =  -12  V,  and  VGS  =  -6  V. 

Determine  the  value  of  ID  for  the  circuit. 

2.  A  JFET  amplifier  has  values  of  IDSS  =  16  mA,  FGS(off)  =  -5  V,  and  VGS  =  -4  V. 

Determine  the  value  of  ID  for  the  amplifier. 

3.  A  JFET  amplifier  has  values  of  IDSS  =  14  mA,  PGiS(off)  =  -6  V,  and  VGS  =  0  V. 

Determine  the  value  of  lD  for  the  circuit. 

4.  A  JFET  amplifier  has  values  of  IDSs  =  10  mA,  PGS(off)  =  -8  V,  and  VGS  =  -5  V. 

Determine  the  value  of  ID  for  the  circuit. 

5.  A  JFET  amplifier  has  values  of  IDSS  -  12  mA,  VaS(offj  =  -10  V,  and  VGS  =  -4  V. 

Determine  the  value  of  ID  for  the  circuit. 

6.  The  JFET  amplifier  described  in  Problem  5  has  a  value  of  VGS  =  - 14  V.  Determine 
the  value  of  ID  for  the  circuit. 

7.  The  2N5484  has  values  of  VGS,of{)  =  -0.3  to  -3  V  and  IDSS  =  1.0  to  5.0  mA.  Plot 
the  minimum  and  maximum  transconductance  curves  for  the  device. 

8.  The  2N5485  has  values  of  VGS(off)  =  -0.5  to  -4.0  V  and  IDSS  =  4.0  to  10  mA.  Plot 
the  minimum  and  maximum  transconductance  curves  for  the  device. 

9.  The  2N5457  has  values  of  VG5(off)  =  -0.5  to  -6.0  V  and  IDSS  =  1.0  to  5.0  mA.  Plot 
the  minimum  and  maximum  transconductance  curves  for  the  device. 

10.  The  2N5458  has  values  of  VGS(off)  =  - 1.0  to  -7.0  V  and  IDSS  =  2.0  to  9.0  mA.  Plot 
the  minimum  and  maximum  transconductance  curves  for  the  device. 

11.  The  2N3437  has  parameters  of  VGS(oK)  =  -5.0  V  (maximum)  and  IDSS  =  0.8  to  4.0 
mA.  Plot  the  maximum  transconductance  curve  for  the  device. 

12.  The  2N3438  has  parameters  of  VGS(l)ir}  =  -2.5  V  (maximum)  and  IDSS  =  0.2  to  1.0 
mA.  Plot  the  maximum  transconductance  curve  for  the  device. 
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FIGURE  12.56 

+16  V 


FIGURE  12.58 


FIGURE  12.59 


23.  Determine  the  ranges  of  ID  and  VDS  for  the  circuit  shown  in  Figure  12.60. 

24.  Determine  the  ranges  of  ID  and  VDS  for  the  circuit  shown  in  Figure  12.61 . 


+12  V 


FIGURE  12.60  FIGURE  12.61 


25.  Determine  the  ranges  of  ID  and  VDS  for  the  circuit  shown  in  Figure  12.62. 

26.  Determine  the  ranges  of  ID  and  VDS  for  the  circuit  shown  in  Figure  12.63. 

Section  12.3 

27.  The  2N5484  has  values  of  gm0  =  3000  to  6000  |xS  and  VGSU-,ff)  =  —0.3  to  —3.0  V. 

Determine  the  range  of  gm  when  VGS  =  -0.2  V. 

28.  The  2N5485  has  values  of  gm0  =  3500  to  7000  jxS  and  FC5(off)  =  -0.5  to  -4.0  V. 

Determine  the  range  of  gm  when  VGS  =  -0.4  V. 
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FIGURE  12.62  FIGURE  12.63 


29.  The  2N3437  has  maximum  values  of  VCjS(off)  =  -5  V  and  gm0  =  6000  p.S.  Deter¬ 
mine  the  maximum  values  of  gm  at  VGS  =  -  IV,  VGS  =  -2.5  V,  and  VGS  =  -4  V. 

30.  The  2N3438  has  maximum  values  of  FGS(off)  =  -2.5  V  and  gm0  =  4500  |xS.  Deter¬ 
mine  the  maximum  values  of  gm  at  VGS  =  —  1  V,  VG5  =  - 1.5  V,  and  VGS  =  -2  V. 

31.  Determine  the  range  of  Av  values  for  the  circuit  shown  in  Figure  12.60. 

32.  Determine  the  range  of  Av  values  for  the  circuit  shown  in  Figure  12.61. 

33.  Determine  the  range  of  Av  values  for  the  circuit  shown  in  Figure  12.62. 

34.  Determine  the  range  of  Av  values  for  the  circuit  shown  in  Figure  12.63. 

35.  Determine  the  range  of  Av  values  for  the  swamped  amplifier  shown  in  Figure  12.64. 

36.  Determine  the  range  of  Av  values  for  the  swamped  amplifier  shown  in  Figure  1 2.65. 


+18  v  +12  V 


FIGURE  12.64  FIGURE  12.65 


37.  Determine  the  value  of  Zin  for  the  amplifier  in  Figure  12.60. 

38.  Determine  the  value  of  Zin  for  the  amplifier  in  Figure  12.61. 

Section  12.4 

39.  Determine  the  values  of  Av,  Zin,  and  Zout  for  the  amplifier  in  Figure  12.66. 

40.  Determine  the  values  of  Av,  Zin,  and  Zout  for  the  amplifier  in  Figure  12.67. 
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+5  V 


+10  V 


FIGURE  12.66  FIGURE  12.67 


41.  Determine  the  ranges  of  Av,  Z,„.  and  Zout  for  the  amplifier  in  Figure  12.68. 

42.  Determine  the  ranges  of  A,„  Zin,  and  Zout  for  the  amplifier  in  Figure  12.69. 


+20  V  +20  V 


FIGURE  12.68  FIGURE  12.69 


43.  Determine  the  ranges  of  Av,  Zin,  and  Zout  for  the  circuit  shown  in  Figure  12.70. 

44.  Determine  the  ranges  of  Av,  Zin,  and  Zout  for  the  circuit  shown  in  Figure  12.71. 


+8  V  +12 V 


FIGURE  12.70  FIGURE  12.71 
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TROUBLESHOOTING  - 

PRACTICE  PROBLEMS  45.  The  circuit  shown  in  Figure  12.72  has  the  waveforms  shown.  Discuss  the  possible 

causes  of  the  problem. 


FIGURE  12.72 


46.  A  voltage-divider  biased  JFET  amplifier  suddenly  starts  to  have  the  instability  of  a 
self-bias  circuit.  Changing  the  JFET  does  not  solve  the  problem.  What  is  wrong? 

47.  The  circuit  shown  in  Figure  12.73  has  the  waveforms  shown.  Discuss  the  possible 
causes  of  the  problem. 


+18  V 


FIGURE  12.73 
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48.  The  circuit  shown  in  Figure  12.74  has  the  dc  voltages  shown.  Discuss  the  possible 
causes  of  the  problem. 


+20  V 


FIGURE  12.74 

-  PUSHING  THE  ENVELOPE 

49.  The  biasing  circuit  shown  in  Figure  12.75  is  a  current-source  bias  circuit.  Determine 
how  this  circuit  obtains  a  stable  value  of  ID. 

50.  Can  the  2N5486  be  used  safely  in  the  circuit  shown  in  Figure  12.76?  Explain  your 
answer  using  circuit  calculations. 


+18  V 


FIGURE  12.75  FIGURE  12.76 


51.  The  2N5486  cannot  be  substituted  for  the  JFET  in  Figure  12.77.  Why  not? 

ANSWERS  TO  THE 

12.1  3  mA  EXAMPLE  PRACTICE 

12.2  See  Figure  12.78.  PROBLEMS 

12.3  See  Figure  12.79. 

12.4  VGS  =  —5  V,  ID  —  3  mA,  VDS  =  3.4  V 

12.6  See  Figure  12.80. 

12.7  1.5  to  5.25  V 


Chapter  12  Answers  to  the  Example  Practice  Problems 
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-20  V  -16  V  -12  V  -8  V 


FIGURE  12.77 


FIGURE  12.78 


lD  (mA) 


-6  V  -4  V  -2  V 


-10  V  -8  V  -6  V  -4  V 


FIGURE  12.79 


FIGURE  12.80 


FIGURE  12.81 


lD  (mA) 


-6  -4 


12.8  See  Figure  12.81. 

12.9  Using  values  of  Vcs  =  —750  mV  to  -3.5  V:  ID  =  3.23  to  4.04  mA. 

12.10  16.61  V  (minimum),  20.5  V  (maximum) 

12.11  gm  =  5333  jaS  at  VGS  =  -2  V,  gm  =  2667  |xS  at  VGS  =  -4  V 

12.12  Av  =  3.25  to  6.24 

12.13  Av  =  3.3  to  3.77 

12.16  Av  =  0.8889  to  0.9143,  Zout  =  349  to  455  fl 
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MOSFETs 


Objectives 

After  studying  the  material  in  this  chapter,  you  should  be  able  to: 

1.  Identify  the  two  types  of  MOSFETs,  and  describe  the  construction  of  each. 

2.  Describe  the  devices  and  precautions  used  to  protect  MOSFETs. 

3.  Describe  depletion-mode  operation. 

4.  Describe  enhancement-mode  operation. 

5.  Describe  and  analyze  zero-bias  operation. 

6.  Define  threshold  voltage,  VGS(th),  and  discuss  its  significance. 

7.  List  the  FET  biasing  circuits  that  can  and  cannot  be  used  with  E-MOSFETs. 

8.  Describe  the  physical  construction  and  capacitance  characteristics  of  the  dual-gate 
MOSFET. 

9.  Describe  the  physical  construction  and  current-handling  capabilities  of  VMOS  devices. 

1 0.  List  the  advantages  of  VMOS  over  other  devices. 

11.  List  the  advantages  that  CMOS  logic  circuits  have  over  typical  BJT  logic  circuits. 

12.  Describe  the  purpose  served  by  power  MOSFET  drivers  in  digital  communications. 


Outline 

13.1  MOSFET  Construction  and  Handling 

13.2  D-MOSFETs 

13.3  E-MOSFETs 

13.4  Dual-Gate  MOSFETs 

13.5  Power  MOSFETs 

13.6  Complementary  MOSFETs  (CMOS):  A  MOSFET  Application 

13.7  Other  MOSFET  Applications 
Chapter  Summary 
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Odds  are  that  you  have  never  heard  of  MOS  (metal-oxide- 
semiconductor)  technology  before.  At  the  same  time, 
you  probably  have  one  or  more  items  with  you  that  contain 
MOSFET  circuitry. 

Most  calculators,  digital  watches,  and  desktop  computers 
are  made  using  VLSI  (very  large  scale  integrated)  circuits. 
These  circuits  contain  up  to  hundreds  of  thousands  of  com¬ 
ponents  that  are  all  etched  on  a  single  piece  of  semiconduc¬ 
tor  material.  The  development  of  VLSI  technology  has  made 
many  items,  such  as  those  listed  above,  possible. 

All  electronic  components  dissipate  heat.  All  electronic 
components  must  have  some  measurable  size.  These  are  two 
of  the  problems  that  have  always  faced  the  developers  of 


integrated  circuits,  or  ICs.  The  goal  of  IC  technology  has 
always  been  to  produce  the  maximum  number  of  components 
in  the  smallest  amount  of  space  possible.  However,  the  need 
for  heat-dissipation  space  and  the  actual  space  taken  up  by 
the  components  have  limited  the  number  of  components  that 
could  be  etched  into  a  single  piece  of  silicon. 

The  development  of  MOS  technology  has  provided  one 
solution  to  the  problem  of  component  spacing.  Since  MOSFET 
circuits  are  extremely  low  input  current  circuits,  the  heat- 
dissipation  problem  has  been  greatly  reduced  in  these  circuits. 
At  the  same  time,  MOSFET  circuits  can  be  made  much  smaller 
than  their  BJT  counterparts.  For  these  reasons,  MOSFET  tech¬ 
nology  has  come  to  dominate  most  of  the  VLSI  circuit  market. 


Depletion-mode  operation 

Using  an  input  voltage  to 
effectively  decrease  the  channel 
size  of  an  FET. 

MOSFET 

An  FET  that  can  be  operated  in 
the  enhancement  mode. 

Enhancement-mode 

operation 

Using  an  input  voltage  to 
effectively  increase  the  channel 
size  of  an  FET. 


The  main  drawback  to  JFET  operation  is  that  the  JFET  gate  must  be  reverse  biased  for 
the  device  to  operate  properly.  Recall  that  a  reverse  gate-source  voltage  is  varied  to 
deplete  the  channel  of  free  carriers,  thus  controlling  the  effective  size  of  the  channel. 
This  type  of  operation  is  referred  to  as  depletion-mode  operation.  A  depletion- type 
device  would  be  one  that  uses  an  input  voltage  to  reduce  the  channel  size  from  its  zero- 
bias  size. 

The  metal-oxide- semiconductor  FET ,  or  MOSFET,  is  a  device  that  can  be  operated  in 
the  enhancement  mode.  This  means  that  the  input  signal  can  be  used  to  increase  the 
effective  size  of  the  channel.  This  also  means  that  the  device  is  not  restricted  to  operating 
with  its  gate  reverse  biased.  This  is  an  improvement  over  the  standard  JFET.  In  this  chap¬ 
ter,  we  will  look  at  MOSFETs,  their  construction  and  operation,  as  well  as  their  applica¬ 
tions  and  fault  symptoms. 


13.1  MOSFET  Construction  and  Handling 


OBJECTIVE  1  ► 

D-MOSFET 

A  MOSFET  that  can  be 
operated  in  both  the  depletion 
mode  and  the  enhancement 
mode. 

E-MOSFET 

A  MOSFET  that  is  restricted  to 
enhancement-mode  operation. 


Substrate 

The  foundation  of  a  MOSFET. 


There  are  two  basic  types  of  MOSFETs:  depletion-type  MOSFETs,  or  D-MOSFETs,  and 
enhancement-type  MOSFETs,  or  E-MOSFETs.  D-MOSFETs  can  be  operated  in  both 
the  depletion  mode  and  the  enhancement  mode,  whereas  E-MOSFETs  are  restricted  to 
operating  in  the  enhancement  mode.  The  primary  difference  between  D-MOSFETs  and 
E-MOSFETs  is  their  physical  construction.  The  construction  difference  between  the  two 
is  illustrated  in  Figure  13.1.  As  you  can  see,  the  D-MOSFET  has  a  physical  channel 
(shaded  area)  between  the  source  and  drain  terminals.  The  E-MOSFET,  on  the  other 
hand,  has  no  such  channel.  The  E-MOSFET  depends  on  the  gate  voltage  to  form  a  chan¬ 
nel  between  the  source  and  drain  terminals.  This  point  will  be  discussed  in  detail  later  in 
this  chapter. 

Both  MOSFETs  in  Figure  13.1  show  an  insulating  layer  between  the  gate  and  the  rest 
of  the  component.  This  insulating  layer  is  made  up  of  silicon  dioxide  (Si02),  a  glass-like 
insulating  material.  The  gate  terminal  is  made  of  a  metal  conductor.  Thus,  going  from 
gate  to  substrate,  you  have  metal-oxide-semiconductor,  which  is  where  the  term  MOSFET 
comes  from.  Since  the  gate  is  insulated  from  the  rest  of  the  component,  the  MOSFET  is 
sometimes  referred  to  as  an  insulated-gate  FET,  or  IGFET. 

The  foundation  of  the  MOSFET  is  called  the  substrate.  This  material  is  represented 
in  the  schematic  symbol  by  the  center  line  that  is  connected  to  the  source  terminal.  Note 
that  an  n-channel  MOSFET  has  a  p-material  substrate,  and  a  p-channel  MOSFET  has  an 
n-material  substrate. 

In  the  schematic  symbol  for  the  MOSFET,  the  arrow  is  placed  on  the  substrate.  As 
with  the  JFET,  an  arrow  pointing  in  represents  an  n-channel  device,  while  an  arrow  point¬ 
ing  out  represents  a  p-channel  device.  Figure  13.2  shows  the  p-channel  depletion-type 
and  enhancement-type  MOSFET  symbols. 
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s  s 

(a)  Depletion-type  MOSFET  (b)  Enhancement-type  MOSFET 


FIGURE  13.2  p-Channel  MOSFET  symbols. 

13.1.1  Component  Handling 

The  layer  of  Si02  that  insulates  the  gate  from  the  channel  is  extremely  thin  and  can  be 
destroyed  easily  by  static  electricity.  The  static  electricity  generated  by  the  human  body 
can  be  sufficient  to  ruin  the  Si02  layer,  so  some  precautions  must  be  taken  to  protect  the 
component. 

Many  MOSFETs  are  now  manufactured  with  protective  diodes  etched  between  the 
gate  and  the  source,  as  shown  in  Figure  13.3.  The  diodes  are  configured  so  that  they  will 
conduct  in  either  direction  provided  that  a  predetermined  voltage  is  reached.  This  voltage 
will  be  higher  than  any  working  voltage  normally  applied  to  the  MOSFET.  For  example, 
if  a  MOSFET  with  a  protected  input  is  rated  for  a  maximum  Vcs  of  ±30  V,  the  zener 
diodes  will  be  designed  to  conduct  at  any  voltage  outside  the  ±30  V  range.  This  protects 
the  device  from  excessive  static  buildup  as  well  as  abnormally  high  values  of  VGS. 


D 


S 


FIGURE  13.3  MOSFET  static 
protection. 

◄  OBJECTIVE  2 
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When  MOSFETs  without  protected  inputs  are  used,  some  basic  handling  precautions 
must  be  taken  to  prevent  the  components  from  being  damaged: 


Lab  Reference:  You  will  need  to 
keep  these  precautions  in  mind 
while  performing  Exercise  19. 


1.  Store  the  devices  with  the  leads  shorted  together  or  in  conductive  foam.  Never  store 
MOSFETs  in  Styrofoam.  (Styrofoam  is  the  best  static  electricity  generator  ever 
devised.) 

2.  Do  not  handle  MOSFETs  unless  you  need  to.  When  you  handle  any  MOSFET,  hold 
the  component  by  the  case,  not  the  leads. 

3.  Do  not  install  or  remove  any  MOSFET  while  power  is  applied  to  a  circuit.  Also, 
make  sure  that  any  signal  source  is  removed  from  a  MOSFET  circuit  before  turning 
the  supply  voltage  off  or  on. 


If  you  follow  the  guidelines  listed  above,  you  should  have  no  difficulty  when  handling 
MOSFETs. 


Section  Review  ► 


1.  What  is  a  MOSFET ? 

2.  What  is  depletion-mode  operation ? 

3.  What  is  enhancement-mode  operation! 

4.  In  terms  of  operating  modes,  what  is  the  difference  between  a  D-MOSFET  and  an 
E-MOSFET? 

5.  In  terms  of  physical  construction,  what  is  the  difference  between  a  D-MOSFET  and 
an  E-MOSFET? 

6.  What  is  the  difference  between  the  schematic  symbol  of  a  D-MOSFET  and  that  of  an 
E-MOSFET? 

7.  Discuss  the  means  by  which  MOSFET  inputs  may  be  internally  protected. 

8.  What  precautions  should  be  observed  when  handling  MOSFETs? 

9.  Why  are  the  precautions  in  Question  8  necessary? 


As  stated  earlier,  the  D-MOSFET  is  capable  of  operating  in  both  the  depletion  mode  and 
the  enhancement  mode.  When  it  is  operating  in  the  depletion  mode,  the  characteristics 
of  the  D-MOSFET  are  very  similar  to  those  of  the  JFET.  The  overall  operation  of  the 
D-MOSFET  is  illustrated  in  Figure  13.4. 

Figure  13.4a  shows  the  D-MOSFET  operating  conditions  with  the  gate  and  source  ter¬ 
minals  shorted  together  ( VGS  =  0  V).  As  stated  in  Chapter  12, 1D  =  IDSS  when  VGS  =  0  V. 
Thus,  the  D-MOSFET  represented  in  Figure  13.4a  has  a  value  of  IDSS  =  5  mA  (the  value 
indicated  by  the  meter). 

OBJECTIVE  3  ►  When  Vcs  is  negative,  the  biasing  voltage  depletes  the  channel  of  free  carriers.  This 
effectively  reduces  the  width  of  the  channel,  increasing  its  resistance.  This  depletion-mode 
operation  is  illustrated  in  Figure  13.4b.  Note  that  the  negative  VGS  has  the  same  effect  on 
the  MOSFET  as  it  has  on  the  JFET.  In  Figure  13.4b,  the  depletion  layer  generated  by  VGS 
(represented  by  the  white  space  between  the  insulating  material  and  the  channel)  cuts  into 
the  channel,  reducing  its  width.  As  a  result,  ID  <  IDSs-  Though  Figure  13.4b  shows  a  value 
of  ID  =  0.8  mA,  the  actual  value  of  ID  depends  on  the  values  of  IDSs,  VGS(un),  and  VGS. 

OBJECTIVE  4  ►  Figure  13.4c  illustrates  the  enhancement-mode  operation  of  the  D-MOSFET.  This 
operating  mode  is  a  result  of  applying  a  positive  VGS  to  the  component.  When  VGS  is  pos¬ 
itive,  the  channel  is  effectively  widened.  This  reduces  the  resistance  of  the  channel, 
allowing  ID  to  exceed  the  value  of  IDSS.  For  example,  Figure  13.4c  shows  a  value  of  ID  = 
7.4  mA,  which  is  greater  than  the  value  of  IDSS  shown  in  Figure  13.4a.  Again,  the  actual 
value  of  ID  depends  on  the  values  of  IDSS,  VGS(„n>  and  VGS. 

How  does  a  positive  VGS  effectively  widen  the  channel?  You  must  remember  that  the 
majority  carriers  in  a  p- type  material  are  valence  band  holes.  The  holes  in  the  p-type  sub¬ 
strate  are  repelled  by  the  positive  gate  voltage.  Left  behind  is  an  area  that  is  depleted  of 
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fa 


(c)  fa  >  /osswhen  Vgs is  positive  (d)  A  D-MOSFET  transconductance  curve 

FIGURE  13.4  D-MOSFET  operation. 


valence  band  holes.  At  the  same  time,  the  conduction  band  electrons  (minority  carriers)  in 
the  p- type  material  are  attracted  toward  the  channel  by  the  positive  gate  voltage.  With  the 
buildup  of  electrons  near  the  channel,  the  area  to  the  right  of  the  physical  channel  effec¬ 
tively  becomes  an  n-type  material.  The  extended  n-type  channel  now  allows  more  current, 
and  I D  >  IDSS. 

The  combination  of  these  three  operating  states  is  represented  by  the  D-MOSFET 
transconductance  curve  in  Figure  13.4d.  Note  that  ID  =  IDSS  =  5  mA  when  VGS  =  0  V. 
When  VGS  is  negative ,  ID  <  IDSS.  When  Vcs  —  VGS((M),  ID  is  reduced  to  approximately 
0  mA.  When  VGS  is  positive ,  lD  >  IDSS.  Obviously,  IDSS  is  not  the  maximum  possible 
value  of  ID  for  a  MOSFET.  The  maximum  allowable  value  of  lD  for  a  given  D-MOSFET 
is  provided  on  the  component’s  spec  sheet. 

You  may  have  noticed  that  the  transconductance  curve  for  the  D-MOSFET  is  very 
similar  to  the  curve  for  a  JFET.  Because  of  this  similarity,  the  JFET  and  the  D-MOSFET 
have  the  same  transconductance  equation.  This  equation  was  given  in  Chapter  12  as 


(13.1) 


Example  13.1  demonstrates  the  use  of  equation  (13.1)  in  plotting  the  transconductance 
curve  for  a  D-MOSFET. 

EXAMPLE  13.1 _ 

A  D-MOSFET  has  parameters  of  FGS(off)  =  -6  V  and  lDSS  =  1  mA.  Plot  the 
transconductance  curve  for  the  device. 
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Solution:  From  the  parameters,  we  can  determine  two  of  the  points  on  the  curve 
as  follows: 


Vgs=-6V 

and 

I [)  =  0  mA 

Vg5  =  0V 

and 

I [)  —  1  mA 

These  points  define  the  conditions  at  VGS  =  VGS(o(f)  and  at  ID  =  IDSs ■  Now,  we  will 
use  equation  (13.1)  to  determine  the  coordinates  of  several  more  points.  Remember 
that  the  only  value  we  change  is  VGS.  When  VGS  =  -3  V, 


— 

(250  p,A) 

When  VGs  =  -1  V, 

-i  vV 

ID  =  (1  mA)^l  - 

< 

d. 

I 

When  VGS  =  +1  V, 


lD  =  (1  mA)(l  -  =  1.36mA 

(  +3V\2 

V^i;SnA)^l  -  =  2.25  mA 


When  VGS  =  +3  V, 


We  now  have  the  following  combinations  of  VGS  and  ID: 


VGS(V) 

ID  (mA) 

-6 

0 

-3 

0.25 

-1 

0.69 

0 

1.00 

+  1 

1.36 

+3 

2.25 

Using  the  values  listed,  we  can  plot  the  transconductance  curve  shown  in  Figure  13.5. 

Practice  Problem  13.1 

A  D-MOSFET  has  values  of  Vf;,V(off)  =  -4  to  -6  V  and  IDSS  =  8  to  12  mA.  Plot  the 
minimum  and  maximum  transconductance  curves  for  the  device.  Use  Vcs  values  of 
-4,  -2,  0,  2,  and  4  V. 


As  you  can  see,  the  process  for  plotting  a  D-MOSFET  transconductance  curve  is  almost 
the  same  as  plotting  one  for  a  JFET.  The  only  differences  are  that  you  must  use  positive  val¬ 
ues  of  VGS  (as  well  as  negative)  and  that  you  will  get  values  of  I D  that  are  greater  than  IDSS. 

13.2.1  D-MOSFET  Drain  Curves 

The  drain  curves  of  a  D-MOSFET  can  be  used  to  plot  the  dc  load  line  for  a  given  circuit, 
just  as  collector  curves  can  be  used  to  plot  the  load  line  for  a  given  BJT.  The  drain  curves 
for  a  D-MOSFET  are  plotted  using  corresponding  values  of  VGS  and  ID.  A  composite  of 
drain  curves  is  shown  in  Figure  13.6.  The  curves  shown  were  plotted  using  the  values  from 
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FIGURE  13.6  MOSFET  drain  curves. 


VDS 


Example  13.1.  Also,  the  curves  for  VGS  =  -2  V  and  VGS  =  2  V  were  added.  Note  that 
above  VP,  the  value  of  VDS  becomes  constant  for  each  combination  of  VGS  and  ID.  Also,  note 
that  the  value  of  VP  is  relative  to  the  gate  voltage  and,  thus,  changes  from  one  curve  to 
another.  The  value  of  VP  for  VGS  =  0  V  is  highlighted  in  Figure  13.6  to  illustrate  this  point. 
At  lower  values  of  VGS,  VP  is  lower.  Increasing  the  value  of  VGS  increases  the  value  of  VP* 


13.2.2  Transconductance 


The  value  of  gm  for  a  D-MOSFET  is  found  the  same  way  that  it  is  for  a  JFET.  By  formula. 


(13.2) 


*  Note  that  the  VP  rating  of  a  MOSFET  is  measured  at  VG5  =  0  V. 
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This  equation  leads  to  another  characteristic  of  the  D-MOSFET.  Just  as  ID  can  be  greater 
than  IDSS,  gm  can  be  greater  than  gm0.  Of  course,  this  happens  only  when  the  device  is 
operated  in  the  enhancement  mode. 


13.2.3  D-MOSFET  Biasing  Circuits 


OBJECTIVE  5  ► 


Zero  bias 

A  D-MOSFET  biasing  circuit 
dial  lias  quiescent  values  of 
V(is  ~  0  V  and  ln  ~  W _ | 


Again,  the  similarities  between  D-MOSFETs  and  JFETs  pay  off.  The  most  common  D- 
MOSFET  biasing  circuits  are  exactly  the  same  as  those  used  for  JFETs.  D-MOSFETs 
also  have  the  same  overall  characteristics  as  JFETs  when  used  in  the  common-source, 
common-drain,  and  common-gate  configurations.  All  the  dc  and  ac  relationships  covered 
for  the  JFET  work  for  D-MOSFET  circuits  as  well. 

A  major  difference  between  the  D-MOSFET  and  JFET  is  that  the  D-MOSFET  is  not 
limited  to  negative  values  of  VGS.  In  fact,  one  common  D-MOSFET  biasing  circuit  sets  VGS 
to  0  V.  This  biasing  circuit,  called  zero  bias,  is  illustrated  in  Figure  13.7. 

In  a  JFET  self-bias  circuit,  ID  develops  a  voltage  across  a  source  resistor,  Rs.  This 
voltage  establishes  the  negative  VGS  required  for  the  JFET  to  operate.  For  the  zero-bias 
circuit,  a  source  resistor  is  not  required  because  the  desired  value  of  VGS  is  0  V.  With  Vs 
and  Vc  at  0  V: 


V(;s  —  0  V  and  Id  —  loss 


When  the  circuit  is  designed,  the  value  of  the  drain  resistor  (/?£>)  is  selected  so  that  it 
drops  approximately  half  the  supply  voltage,  leaving  VDS  =  tYdd- 

+  VDD  'o(mA) 


FIGURE  13.7  Zero  bias. 


13.2.4  D-MOSFET  Input  Impedance 

The  gate  impedance  of  a  D-MOSFET  is  extremely  high.  For  example,  one  MOSFET  has 
a  maximum  gate  current  of  10  pA  when  VGs  is  35  V.  This  calculates  to  a  gate  impedance 
of  3.5  X  1012  11!  With  an  input  impedance  in  this  range,  the  MOSFET  presents  virtually 
no  load  to  its  source  circuit. 


13.2.5  D-MOSFETs  Versus  JFETs 

Figure  13.8  summarizes  many  of  the  characteristics  of  JFETs  and  D-MOSFETs.  As  you 
can  see,  the  components  are  very  similar  in  a  number  of  respects.  The  D-MOSFET  has 
the  advantages  of  higher  input  impedance  and  the  ability  to  operate  in  the  enhancement 
mode.  It  can  also  use  zero  bias,  while  the  JFET  cannot.  At  the  same  time.  D-MOSFETs 
are  more  sensitive  to  increases  in  temperature,  and  precautions  must  be  taken  when  they 
are  handled. 
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JFETs  vs.  D-MOSFETs 


Devices: 


Schematic 

symbol: 


Transconduc 
tance  curve: 


Depletion  only 


Depletion  and  enhancement 


Mode(s)  of 
operation: 


Commonly 
used  bias 
circuits: 


Gate  bias 
Self-bias 

Voltage-divider  bias 


Voltage-divider  b.as 
Zero  bias 

S  input  impedance 
comparable  JFET. 

Can  operate  in  txsthm«$|& 
yP^^gfp|Pnhancement) . 

IlilllSs 

Bias  instability. 


Bias  instability. 

Can  operate  only  in 
the  depletion  mode. 


FIGURE  13.8 


1.  Describe  the  depletion-mode  relationship  between  VG5  and  ID  for  a  D-MOSFET.  ◄  Section  Review 

2.  Describe  the  enhancement-mode  relationship  between  VGS  and  ID  for  a  D-MOSFET. 

3.  Describe  the  relationship  between  ID  and  IDSS  for  a  D-MOSFET. 

4.  Describe  the  relationship  between  gm  and  gm0  for  a  D-MOSFET. 

5.  Describe  the  quiescent  conditions  of  the  zero-bias  circuit. 

6.  List  the  similarities  and  differences  between  JFETs  and  D-MOSFETs. 

7.  Refer  to  Figure  13.7a.  What  purpose  is  served  by  the  gate  resistor  in  the  zero-bias  circuit?  ◄  Critical  Thinking 


13.3  E-MOSFETs 

It  was  stated  earlier  that  an  E-MOSFET  is  capable  of  operating  only  in  the  enhancement 
mode.  In  other  words,  the  gate  potential  must  be  positive  with  respect  to  the  source. 
The  reason  for  this  can  be  seen  in  Figure  13.9.  When  the  value  of  Vcs  is  0  V,  there  is  no 
channel  connecting  the  source  and  drain  materials  (as  shown  in  Figure  13.9a).  As  a  result, 
there  can  be  no  significant  amount  of  drain  current. 

When  a  positive  potential  is  applied  to  the  gate,  the  n-channel  E-MOSFET  responds  in 
the  same  manner  as  a  D-MOSFET.  As  Figure  13.9b  shows,  the  positive  gate  voltage  forms 
a  channel  between  the  source  and  drain  by  depleting  the  area  of  valence  band  holes.  As  the 
holes  are  repelled  by  the  positive  gate  voltage,  that  voltage  is  also  attracting  the  minority 

A  Practical  Consideration: 

In  this  section,  our  discussion 
is  limited  to  the  n-channel 
E-MOSFET.  Its  p-channel 
counterpart  operates  according 
to  the  same  principles.  The 
only  operating  differences  <  as 

Section  13.3 


E-MOSFETs 


527 


(a)  lD=  OmA when  VGS  =  0  V 
FIGURE  13.9  E-MOSFET  operation. 


(b)  lD>  OmA  when  \/GSis  sufficient  to  form  a  channel. 


carrier  electrons  in  the  p-type  material  toward  the  gate.  This  forms  an  effective  n-type 
bridge  between  the  source  and  drain,  providing  a  path  for  drain  current. 

OBJECTIVE  6  ►  When  the  value  of  VGS  is  increased,  the  newly  formed  channel  becomes  wider,  allow¬ 
ing  ID  to  increase.  When  the  value  of  VGS  decreases,  the  channel  becomes  narrower,  and 
ID  decreases.  This  is  illustrated  by  the  E-MOSFET  transconductance  curve  shown  in 
Figure  13.10.  As  you  can  see,  this  transconductance  curve  is  similar  to  those  covered 
previously.  The  primary  differences  are: 

1.  All  values  of  Vgs  that  cause  the  device  to  conduct  are  positive. 

2.  The  point  at  which  the  device  turns  on  (or  off,  depending  on  how  you  look  at  it)  is 
called  the  threshold  voltage  (Vcstth))- 


Threshold  voltage  (VGS(th)) 
The  value  of  VGS  that  turns  the 
E-MOSFET  on. 


Lab  reference:  The  curve  for  an 
E-MOSFET  is  plotted  using 
measured  values  of  Vos  and  io  in 
Exercise  19. _ 


lD  (mA) 


FIGURE  13.10  E-MOSFET  transconductance  curve. 


Note  that  the  value  of  IDSS  for  an  E-MOSFET  is  approximately  0  A.  For  example,  the 
3N169  E-MOSFET  spec  sheet  lists  an  IDSS  of  10  nA  when  the  ambient  temperature  is 
25°C.  For  all  practical  purposes,  this  value  of  ID  is  zero.  Obviously,  since  the  value  of  IDSS 
for  the  E-MOSFET  is  near  zero,  the  standard  transconductance  formula  will  not  work  for 
the  E-MOSFET.  To  determine  the  value  of  ID  at  a  given  value  of  VGS,  you  must  use  the 
following  relationship: 

Id  =  I&Vgs  —  Vostth)]2  (13.3) 


where  k  is  a  constant  for  the  MOSFET,  found  as 


k  = 


lD(  on) 


[^GS(on)  loS(th)] 


(13.4) 
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The  values  used  in  equation  (13.4)  to  determine  the  value  of  k  are  obtained  from  the 
spec  sheet  of  the  E-MOSFET  being  used.  For  example,  consider  the  specifications  listed 
in  Figure  13.11.  According  to  the  charts  shown,  the  2N7000  has  the  following  ratings: 

I  Won)  —  75  mA  (minimum)  and  VGS(th)  =  0.8  V  (minimum) 


2W7000 

Preferred  Device 

Small  Signal  MOSFET 
200  mAmps,  60  Volts 

N-Channei  TO-92 


http://onsemi.com 

200  mAMPS 
60  VOLTS 
RDS(on)  =  5  Q 

N-Channel 


GO 


ELECTRICAL  CHARACTERISTICS  Tq  =  25°C  unless  otherwise  noted) 


Characteristic  |  Symbol 

Mln 

Max 

Unit 

OFF  CHARACTERISTICS 

Drain-Source  Breakdown  Voltage 
(Vqs  =  0,  Iq  =  10  p  Adc) 

V(BR)DSS 

60 

Vdc 

Zero  Gate  Voltage  Drain  Current 

Idss 

(VDS  -  48  Vdc,  Vqs  *  0) 

- 

1.0 

gAdc 

(VDS  =  48  Vdc,  VGS  =  0,  Tj  =  125°C) 

- 

1.0 

mAdc 

Gate-Body  Leakage  Current,  Forward 

igssf 

_ 

-10 

nAdc 

(Vqsf  =  1 5  Vdc,  Vqs  =  0) 

ON  CHARACTERISTICS 


Gate  Threshold  Voltage 

VGS(th) 

0.8 

3.0 

Vdc 

(Vds  =  Vgs.  Id  *  1  o  mAdc) 

Static  Drain-Source  On-Resistance 

rDS(on) 

Ohm 

(Vgs  =  1°  Vdc,  Id  =  0.5  Adc) 

- 

5.0 

(Vqs  =  Vdc,  Iq  =  75  mAdc) 

- 

6.0 

Drain-Source  On-Voltage 

vDS(on) 

Vdc 

(Vqs  *10  Vdc,  Id  =  0.5  Adc) 

_ 

2.5 

(VGS  -  4-5  Vdc,  Id  =  75  mAdc) 

- 

0.45 

On-State  Drain  Current 

*d(on) 

75 

_ 

mAdc 

(Vqs  =  4.5  Vdc,  Vqs  =  10  Vdc) 

Forward  Transconductance 

9fs 

100 

_ 

limhos 

(Vds  =  1 0  Vdc,  Id  =  200  mAdc) 

DYNAMIC  CHARACTERISTICS 


Input  Capacitance 

Cjss 

- 

60 

PF 

Output  Capacitance 

(Vds  =  25  V,  Vqs  =  0, 

Coss 

- 

25 

Reverse  Transfer 

Capacitance 

f  =  1.0  MHz) 

Crss 

- 

5.0 

SWITCHING  CHARACTERISTICS  (Note  1.) 


Turn-On  Delay  Time 

(Vdd  ■  15  V,  lD  =  500  mA, 

ton 

- 

10 

ns 

Turn-Off  Delay  Time 

Rq  =  25  Q,  RL  =  30  ft  Vgen  =  10  V) 

toff 

- 

10 

1 .  Pulse  Test:  Pulse  Width  £  300  (is,  Duty  Cycle  <  2.0%. 


FIGURE  13.11  The  2N7000  specifications.  (Copyright  of  Semiconductor  Component 
Industries,  LLC.  Used  by  permission.) 


MAXIMUM  RATINGS 


Rating 

Symbol 

Value 

Unit 

Drain  Source  Voltage 

VDSS 

60 

Vdc 

Drain-Gate  Voltage  (Rqs  =  1 .0  MG) 

VdGR 

60 

Vdc 

Gate-Source  Voltage 

-  Continuous 

vgs 

±20 

Vdc 

-  Non-repetitive  (tp  <  50  ps) 

vgsm 

±40 

Vpk 

Drain  Current 

mAdc 

-  Continuous 

•d 

200 

-  Pulsed 

Idm 

500 

Total  Power  Dissipation  @  Tq  =  25°C 

Pd 

350 

mW 

Derate  above  25°C 

2.8 

mW/°C 

Operating  and  Storage  Temperature 

TJ.  Tstg 

-55  to 

°c 

Range 

+150 
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If  you  look  closely  at  the  test  conditions  for  the  /D(on)  rating,  you’ll  see  that  this  current 
was  measured  at  VGS  =  4.5  V.  Using  this  value  with  the  other  ratings  shown  on  the  spec 
sheet,  k  can  be  found  as 


This  value  of  k  would  be  used  in  equation  (13.3)  to  determine  the  value  of  ID  at  a  given 
value  of  VGS.  The  entire  process  is  demonstrated  in  Example  13.2. 


EXAMPLE  13.2 _ _____ 

The  spec  sheet  for  the  3N171  lists  the  following  minimum  values: 


/fx on)  —  10  tnA  at  VG$  —  10  V  and  Vosxth) 


Using  these  ratings,  determine  the  value  of  ID  for  the  circuit  shown  in  Figure  13.12. 


Practice  Problem  13.2 

An  E-MOSFET  has  values  of  ID(on)  =  14  mA  at  VGS  =  12  V  and  VGs(th)  =  2  V. 
Determine  the  value  of  ID  at  VGS  =  16  V. 
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13.3.1  E-MOSFET  Biasing  Circuits 


Several  of  the  biasing  circuits  used  for  JFETs  and  D-MOSFETs  cannot  be  used  to  bias  ◄  OBJECTIVE  7 
E-MOSFETs  because  enhancement-mode  operation  requires  a  positive  value  of  VGS.  For 
example,  zero  bias  and  self-bias  produce  values  of  VGS  that  are  negative  or  equal  to  0  V. 

Therefore,  neither  of  these  bias  circuits  can  be  used  with  an  E-MOSFET.  However, 
voltage-divider  bias  can  be  used,  as  can  gate-bias  and  drain-feedback  bias. 

In  our  study  of  BJTs,  we  discussed  a  biasing  circuit  called  collector-feedback  bias. 

Drain-feedback  bias  is  the  MOSFET  counterpart  of  this  biasing  method.  Figure  13.13a 
shows  a  drain-feedback  bias  circuit. 

The  analysis  of  a  drain-feedback  bias  circuit  is  often  very  simple.  First,  note  that  the  gate 
resistor  (RG)  in  Figure  13.13a  is  connected  between  the  drain  and  the  gate.  With  the  superhigh 
resistance  of  the  MOSFET  gate,  there  is  no  current  through  the  drain  circuit  and,  therefore,  no 
voltage  developed  across  RG.  As  such,  the  gate  voltage  equals  the  drain  voltage.  By  formula, 


Drain-feedback  bias 
The  MOSFET  counterpart  of 
collector-feedback  bias. 


(13.5) 


Id 


+  VDd 


In  most  cases,  the  value  of  ID{on)  for  an  E-MOSFET  is  measured  under  the  condition 
described  in  equation  (13.5).  For  example,  the  spec  sheet  for  the  3N170  shows  that  the 
rated  value  of  In(on)  is  measured  at  values  of  VGS  =  10  V  and  VDS  =  10  V.  Thus,  when  the 
3N170  is  drain-feedback  biased,  ID  =  /D(on),  and 


(13.6) 


Note  that  equation  (13.6)  is  valid  for  any  E-MOSFET  with  an  //Xon)  rating  that  is  measured 
at  VGS  =  VDS.  Example  13.3  demonstrates  this  approach  to  analyzing  a  drain-feedback  bias 
circuit. 


EXAMPLE  13.3 _ 

Determine  the  values  of  ID  and  VDS  for  the  circuit  shown  in  Figure  13.14. 

Solution:  The  spec  sheet  for  the  3N170  lists  an  /D(on)  of  10  mA  when  VGS  =  VDS. 
Since  these  voltages  are  equal  in  the  drain-feedback  bias  circuit,  ID  =  //Xon)  = 
10  mA.  Using  this  value,  VDS  (and,  thus,  VGS)  is  found  as 

VDS  =  VDD  -  RDIDlon)  =  20  V  -  (1  kfl)(  1 0  mA)  =  10  V 
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Practice  Problem  13.3 

The  E-MOSFET  described  in  Practice  Problem  13.2  is  used  in  a  drain-feedback 
bias  circuit  with  values  of  VDD  =  14  V  and  Rn  =  510  fl.  Determine  the  values  of  ID 
and  VDS  for  the  circuit. 


When  an  E-MOSFET  has  an  ID(on)  rating  that  is  measured  at  unequal  values  of  VGS  and 
the  circuit  is  analyzed  as  illustrated  in  Figure  13.13b.  First,  the  transconductance 
curve  for  the  devices  is  plotted  (or  obtained  from  the  component  spec  sheet).  Then,  the 
load  line  for  the  circuit  is  plotted  using  the  relationships  shown.  The  point  where  the 
curve  and  load  line  intersect  gives  you  the  circuit  values  of  ID,  Vcs,  and  VDS. 

That  is  all  there  is  to  analyzing  a  drain-feedback  bias  circuit.  Don’t  forget:  The  drain- 
feedback  bias  circuit  provides  a  positive  value  of  VGS.  Because  of  this,  it  cannot  be  used  with 
JFETs  or  D-MOSFETs.  (D-MOSFETs  can  be  operated  in  the  enhancement  mode,  but  they 
are  never  biased  for  linear  applications  with  a  value  of  VGS  that  is  more  positive  than  0  V.) 


FIGURE  13.15 
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13.3.2  Summary 

A  comparison  of  D-MOSFETs  and  E-MOSFETs  is  provided  in  Figure  13.15,  which  sum¬ 
marizes  many  of  the  important  characteristics  of  these  devices. 


1.  Flow  does  a  positive  value  of  VGS  develop  a  channel  through  an  E-MOSFET?  ◄  Section  Review 

2.  What  is  threshold  voltage  (VGSah])‘l 

3.  When  VGS  —  VGS(thj,  what  is  the  value  of  ID  for  an  E-MOSFET? 

4.  List,  in  order,  the  steps  required  to  determine  the  value  of  ID  for  an  E-MOSFET  at  a 
given  value  of  VGS, 

5.  Which  D-MOSFET  biasing  circuits  can  be  used  with  E-MOSFETs? 

6.  Which  D-MOSFET  biasing  circuits  cannot  be  used  with  E-MOSFETs? 

7.  Describe  the  quiescent  conditions  for  the  drain-feedback  bias  circuit. 

8.  What  change(s)  would  you  make  to  the  circuit  shown  in  Figure  13.14  to  increase  the  ◄  Critical  Thinking 
2-point  value  of  ID1 


13.4  Dual-Gate  MOSFETs 


The  operation  of  most  MOSFETs  is  limited  at  high  frequencies  because  of  their  high  gate-  ◄  OBJECTIVE  8 
to-channel  capacitance.  The  source  of  this  high  capacitance  is  illustrated  in  Figure  13.16. 

The  metal  plate  used  for  the  gate  is  a  conductor.  The  silicon  dioxide  between  the  gate  and 
channel  is  an  insulator.  The  channel  itself  can  be  viewed  as  a  conductor  (when  compared 
to  the  silicon  dioxide  layer).  Thus,  the  combination  of  the  three  forms  a  capacitor. 


FIGURE  13.16 


_ i _ ^ 

Dielectric  -* 
I  V 


D 


MOSFET  input  capacitance. 


A  dual-gate  MOSFET  uses  two  gate  terminals  to  reduce  the  overall  capacitance  of 
the  component.  The  physical  construction  and  schematic  symbols  for  the  dual-gate  MOS¬ 
FET  are  shown  in  Figure  13.17.  The  reduced  capacitance  of  the  dual-gate  MOSFET  is  a 
result  of  the  way  in  which  the  component  is  used.  Normally,  the  component  is  used  so  it 
acts  as  two  series-connected  MOSFETs.  This  is  demonstrated  in  Section  13.7.  When  the 
dual-gate  MOSFET  is  used  as  two  series  MOSFETs,  the  effect  is  similar  to  connecting 
two  capacitors  in  series.  You  should  recall  that  the  total  capacitance  in  a  series  connection 
is  lower  than  either  individual  component  value.  Thus,  by  connecting  the  two  gates  in  a 
series  configuration,  the  overall  capacitance  is  reduced. 


Dual-gate  MOSFET 

A  MOSFET  constructed  with 
two  gates  to  reduce  gate  input 
capacitance. 


1.  Why  does  the  MOSFET  have  high  input  capacitance?  ◄  Section  Review 

2.  How  does  the  dual-gate  MOSFET  provide  reduced  input  capacitance? 


Section  13.4 


Dual-Gate  MOSFETs 
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Advances  in  engineering  have  produced  a  variety  of  MOSFETs  that  are  designed  specif¬ 
ically  for  high-power  applications.  The  development  of  these  components  gives  MOS¬ 
FETs  the  ability  to  compete  with  high-power  BJTs.  In  this  section,  we  will  take  a  brief 
look  at  two  power  MOSFETs.  Some  applications  for  power  MOSFETs  are  introduced  in 
Section  13.7. 


13.5.1  VMOS  Devices 


A  V-MOSFET,  or  VMOS,  is  an  enhancement  MOSFET  that  can  handle  much  higher 
drain  currents  than  a  standard  E-MOSFET.  The  current  capability  of  a  VMOS  device 
results  from  its  physical  construction,  which  is  illustrated  in  Figure  13.18.  As  you  can 
see,  the  component  has  a  V-shaped  gate  and  materials  that  are  labeled  p,  n+,  and  n~ .  The 
^-material  labels  indicate  differences  in  doping  levels,  n+  being  lightly  doped  and  n~ 
being  heavily  doped.  Also,  there  is  no  physical  channel  connecting  the  source  and  drain 
terminals.  Thus,  the  device  is  an  enhancement-type  MOSFET. 

When  a  positive  gate  voltage  is  applied  to  the  device,  an  n-type  channel  forms  around 
the  V-shaped  gate,  as  shown  in  Figure  13.19.  The  shape  of  the  gate  results  in  a  wider 
channel  than  is  generated  in  a  standard  E-MOSFET.  The  wider  channel  allows  a  higher 
drain  current  to  be  generated  at  a  given  value  of  VGS.  This  is  the  primary  advantage  that 
VMOS  devices  have  over  other  E-MOSFETs. 

Another  advantage  of  using  VMOS  devices  is  that  they  are  not  susceptible  to  thermal 
runaway.  A  VMOS  device  has  a  positive  temperature  coefficient,  which  means  that  the 
channel  resistance  of  the  device  increases  when  temperature  increases.  This  also  means 
that  drain  current  decreases  when  temperature  increases.  The  positive  temperature  coeffi- 


FIGURE  13.18  VMOS  construction. 


FIGURE  13.19  VMOS  operation. 
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cient  also  makes  it  possible  for  several  VMOS  devices  to  be  connected  in  parallel  to 
increase  their  overall  power-handling  capability. 

Two  (or  more)  VMOS  devices  connected  in  parallel  automatically  regulate  current. 
Here’s  how  it  works:  If  the  current  through  one  of  the  transistors  ( ID )  begins  to  increase, 
that  component  experiences  an  increase  in  temperature.  The  increase  in  temperature 
causes  the  channel  resistance  to  increase,  reducing  the  value  of  ID.  This  guarantees  that 
the  two  VMOS  transistors  have  approximately  equal  values  of  drain  current. 

Because  of  its  higher  drain  current  ratings  and  positive  temperature  coefficients,  the 
VMOS  device  can  be  used  in  several  applications  where  the  standard  MOSFET  cannot 
be  used. 


13.5.2  LDMOS 

Another  type  of  power  MOSFET  is  the  lateral  double-diffused  MOSFET,  or  LDMOS. 
This  type  of  E-MOSFET  uses  a  very  short  channel  length  and  a  heavily  doped  n-type 
substrate  ( n~ )  to  obtain  high  drain  current  and  low  channel  resistance  (rdUmj).  The  basic 
construction  of  this  enhancement-type  MOSFET  is  shown  in  Figure  13.20. 

D 


n 

(Substrate) 


FIGURE  13.20  LDMOS. 

The  short  channel  (shaded  area)  is  made  up  of  the  p-type  material  that  lies  between  the 
n~  substrate  and  the  n+  (lightly  doped)  source  material.  Since  only  n-type  materials  lie 
between  the  channel  and  the  other  two  terminals,  the  effective  length  of  the  channel  is 
extremely  short.  This,  coupled  with  the  low  resistance  of  the  ( n~ )  material  in  the  channel- 
to-drain  path,  provides  an  extremely  low  typical  value  of  rrf(on).  With  a  low  channel  resis¬ 
tance,  an  LDMOS  device  can  handle  very  high  currents  without  generating  any  damaging 
amount  of  heat  (power  dissipation). 

LDMOS  devices  have  typical  values  of  rd(onj  that  are  in  the  range  of  2  (2  or  less.  With 
this  low  channel  resistance,  it  is  typically  capable  of  handling  currents  as  high  as  20  A. 


1.  Describe  the  physical  construction  of  the  VMOS.  ^  Section  Review 

2.  How  does  the  physical  construction  of  the  VMOS  allow  for  a  high  value  of  ID? 

3.  Describe  the  physical  construction  of  the  LDMOS. 

4.  How  does  the  physical  construction  of  the  LDMOS  allow  for  high  values  of  1D? 


A  Practical  Consideration: 
VMOS  and  LDMOS  devices 
have  gm o  values  in  the  mhos  (or 
siemens)  range.  This  means 
that  they  are  capable  pf v<sjy.r;..\ 

MUM 


Lateral  double-diffused 
MOSFET  (LDMOS) 

A  high-power  MOSFET  that 
uses  a  narrow  channel  and  a 
heavily  doped  n-type  region  to 
obtain  high  lD  and  low  rd(f3n). 


13.6  Complementary  MOSFETs  (CMOS):  A  MOSFET  Application 


The  main  contribution  to  electronics  made  by  MOSFETs  can  be  found  in  the  area  of  digi¬ 
tal  (computer)  electronics.  In  digital  circuits,  signals  are  made  up  of  rapidly  switching  dc 
levels.  An  example  of  a  digital  signal  is  shown  in  Figure  13.21.  This  type  of  signal. 

referred  to  as  a  rectangular  wave,  is  made  up  of  two  dc  levels,  called  logic  levels.  For  the  0  v - 

waveform  shown  in  Figure  13.21,  the  logic  levels  are  0  and  +5  V.  FIGURE  13.21 
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A  group  of  circuits  that  have  similar  operating  characteristics  is  referred  to  as  a  logic 
family.  All  the  circuits  in  a  given  logic  family  respond  to  the  same  logic  levels,  have 
similar  speed  and  power  dissipation  characteristics,  and  can  be  directly  connected 
together.  One  such  logic  family  is  complementary  MOS,  or  CMOS,  logic.  This  logic 
family  is  made  up  entirely  of  MOSFETs.  The  basic  CMOS  inverter  is  shown  in  Figure 
13.22.  An  inverter  is  a  digital  circuit  that  converts  one  logic  level  to  the  other.  When  the 
input  is  at  one  logic  level,  the  output  is  at  the  other.  For  the  circuit  in  Figure  13.22,  a  0  V 
input  produces  a  +5  V  output,  and  a  +5  V  input  produces  a  0  V  output.  The  purpose 
served  by  such  a  circuit  is  beyond  the  scope  of  this  book,  but  we  will  take  a  brief  look  at 
its  operation. 

The  operation  of  the  CMOS  inverter  is  easy  to  understand  if  we  look  at  each  of  the 
transistors  as  an  individual  switch.  Figure  13.23  shows  each  of  the  MOSFETs  as  individ¬ 
ual  circuits.  The  p-channel  MOSFET  (Figure  13.23a)  is  an  enhancement- type  MOSFET, 
meaning  that  there  is  no  physical  channel  from  source  to  drain.  When  Ql  has  a  value  of 
VGs  =  0  V,  no  channel  is  formed  between  the  source  and  drain.  As  a  result,  current  cannot 
pass  through  the  component.  When  Qx  has  a  value  of  VGS  =  —5  V,  a  channel  is  formed 
and  the  component  can  conduct. 


FIGURE  13.22  CMOS  inverter.  FIGURE  13.23 


The  source  terminal  of  Q\  is  connected  to  a  +5  V  supply  (Vss).  Assuming  that  the  value 
of  Vin  for  the  circuit  can  be  only  0  or  +5  V,  the  circuit  has  the  following  relationships: 


Vin 

Vy.s' 

VGS  =  Vin  -  Vss 

<2i  Operating  State 

+5  V 

+5  V 

OV 

Not  conducting  (off) 

ov 

+5  V 

—5  V 

Conducting  (on) 

As  the  chart  shows,  Q\  conducts  when  Vin  =  0  V  and  does  not  conduct  when  Vin  =  +5  V. 
Note  that  the  MOSFET  is  said  to  be  on  when  conducting  and  off  when  not  conducting. 

Now,  consider  the  n-channel  MOSFET  (Q2)  in  Figure  13.23b.  This  device  is  also  an 
enhancement-type  MOSFET.  However,  because  it  is  an  n-channel  device,  it  has  the  oppo¬ 
site  characteristics  of  Q1.  That  is,  it  conducts  when  Vcs  =  +5  V  and  does  not  conduct 
when  VGS  =  0  V.  The  circuit  relationships  for  Q2  are  summarized  as  follows: 

Vin _ Vcs  =  Vin _ Qi  Operating  State 

+5V  +5V  Conducting  (on) 

0  V  0  V  Not  conducting  (off) 
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Note  that  the  source  of  Q2  is  returned  to  ground.  Thus,  VGS  =  VIT1.  As  the  chart  shows, 
Q2  conducts  when  Vm  =  +5  V  and  does  not  conduct  when  Vm  =  0  V.  Now,  let’s  put  the 
two  circuits  together  (as  shown  in  Figure  13.22).  Note  that  Qj  serves  as  the  drain  resistor 
for  Q2,  while  Q2  serves  as  the  drain  resistor  for  Q\.  When  the  input  to  the  circuit  is  +5  V, 
<2i  is  off  and  Q2  is  on.  Thus,  the  conduction  path  is  between  the  output  and  ground 
through  Q2.  When  the  input  is  at  0  V,  <2,  is  on  and  Q2  is  off.  Thus,  the  conduction  path  is 
between  the  output  and  Vss  through  Qt.  This  operation  is  summarized  as  follows: 

ViJV)  Qi  Qi  Vout(V) 

0  On  Off  +5 

+  5  Off  On  0 


The  relationship  between  Vin  and  Vout  is  as  it  should  be  for  an  inverter. 

So,  why  is  the  CMOS  logic  circuit  so  popular?  This  question  is  best  answered  by  tak-  ◄  OBJECTIVE  1 1 
ing  a  quick  look  at  the  BJT  counterpart  of  the  CMOS  inverter. 

The  basic  TTL  (a  bipolar  transistor  logic  family)  inverter  is  shown  in  Figure  13.24.  It 
is  obvious  that  the  CMOS  circuit  is  far  less  complex  than  its  TTL  counterpart.  This  means 
that  many  more  CMOS  circuits  can  be  located  in  a  given  amount  of  space  on  an  inte¬ 
grated  circuit;  that  is,  the  CMOS  circuits  have  a  greater  packing  density  than  TTL  cir¬ 
cuits.  In  addition  to  the  improved  density,  CMOS  circuits  have  the  following  advantages 
over  TTL  circuits: 

1.  They  draw  little  current  from  the  supply,  so  they  consume  very  little  power. 

2.  The  low  input  current  requirement  of  CMOS  circuitry  allows  one  CMOS  output  to 
drive  an  unlimited  number  of  parallel  CMOS  loads;  that  is,  you  could  connect  any 
number  of  CMOS  circuits  in  parallel  and  drive  them  with  a  single  source.  In  contrast, 
the  TTL  circuit  is  usually  restricted  to  driving  no  more  than  10  other  TTL  inputs. 

These  advantages  will  become  clearer  when  you  study  the  area  of  digital  electronics.  At  this 
point,  however,  you  should  have  a  pretty  good  idea  of  the  benefits  of  using  CMOS  logic. 


The  number  of  inputs  that  can 
be  driven  by  a  single  output  is 


caU^thefaBputpfalogicI 


Why  is  CMOS  logic  so 

litflimiliW  a _ i 


FIGURE  13.24  TTL  inverter. 


1.  What  are  logic  levels ?  ◄  Section  Review 

2.  What  is  a  logic  family? 

3.  What  is  an  inverter  ? 

4.  Describe  the  physical  construction  of  the  CMOS  inverter. 

5.  Describe  the  operation  of  the  CMOS  inverter. 

6.  List  the  advantages  that  CMOS  logic  has  over  TTL  logic. 
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13.7  Other  MOSFET  Applications 


While  CMOS  logic  is  one  of  the  primary  MOSFET  applications,  there  are  many  other 
applications  as  well.  In  this  section,  we  will  look  at  a  representative  sample  of  these 
MOSFET  applications. 

It  is  important  to  note  that  the  D-MOSFET  can  be  used  in  most  applications  where  the 
JFET  can  be  used.  Thus,  the  full  range  of  MOSFET  applications  goes  well  beyond  those 
discussed  in  this  section. 


13.7.1  Cascode  Amplifiers 


Cascode  amplifier 

A  low-Cjn  amplifier  used  in 
high-frequency  applications. 


Both  JFETs  and  MOSFETs  have  relatively  high  input  capacitances,  as  stated  earlier. 
These  input  capacitances  can  adversely  affect  the  high-frequency  operation  of  the  compo¬ 
nents.  To  overcome  the  effects  of  high  input  capacitance,  the  cascode  amplifier  was 
developed.  The  cascode  amplifier  consists  of  a  common-source  amplifier  in  series  with  a 
common-gate  amplifier,  as  shown  in  Figure  13.25. 


+20  V 


FIGURE  13.25  Cascode  amplifier. 

Ql  in  Figure  13.25  is  a  common-gate  amplifier  that  is  voltage-divider  biased.  Q2  is  the 
common-source  circuit  and  is  self-biased.  The  input  to  the  circuit  is  applied  to  Q2,  and  the 
output  is  taken  from  the  drain  of  Q\.  Therefore,  the  two  MOSFETs  are  in  series. 

As  you  know,  QI  and  Qz  each  have  a  measurable  value  of  gate  input  capacitance.  Con¬ 
necting  the  two  components  in  series  has  the  same  effect  on  this  input  capacitance  as  con¬ 
necting  any  two  capacitances  in  series:  The  total  series  capacitance  is  lower  than  either 
individual  capacitance.  Therefore,  the  cascode  amplifier  has  lower  input  capacitance  than 
a  standard  common-source  MOSFET  amplifier.  This  reduced  capacitance  makes  the  cir¬ 
cuit  better  suited  for  high-frequency  applications,  where  values  of  capacitive  reactance 
can  become  critical. 

A  simple  cascode  amplifier  can  be  constructed  using  a  dual-gate  MOSFET.  The  dual¬ 
gate  MOSFET  equivalent  of  Figure  13.25  is  shown  in  Figure  13.26.  Gate  1  of  the  MOS¬ 
FET  is  connected  to  act  as  a  common-gate  amplifier,  while  gate  2  is  connected  to  act  as 
the  common-source  amplifier.  This  amplifier  has  the  same  capacitance  characteristics  and 
high-frequency  capabilities  as  those  of  the  amplifier  in  Figure  13.25. 
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FIGURE  13.26  Dual-gate  MOSFET  cascode  amplifier. 

13.7.2  RF  Amplifier 

The  dual-gate  MOSFET  can  also  be  used  in  an  RF  amplifier.  Recall  that  the  RF  ampli¬ 
fier  is  the  “front-end”  amplifier  in  an  AM  receiver.  A  dual-gate  MOSFET  RF  amplifier  is 
shown  in  Figure  13.27.  Note  the  zener  diodes  drawn  inside  the  dual-gate  MOSFET. 
These  diodes  are  built  into  the  MOSFET  to  protect  the  component  from  static  electricity. 
As  you  know,  the  MOSFET  is  extremely  sensitive  to  static  electricity.  The  zener  diodes 
protect  the  component  inputs.  Except  for  that,  they  have  no  effect  on  the  operation  of 
the  circuit. 


+12  V 
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FIGURE  13.27  Dual-gate  MOSFET  RF  amplifier. 


The  RF  amplifier  shown  is  similar  to  the  one  discussed  in  Chapter  12.  The  antenna  is 
connected  to  gate  1  by  a  tuned  circuit,  and  the  output  of  the  amplifier  is  coupled  to  the 
next  circuit  (the  mixer)  by  another  tuned  circuit.  When  the  dual-gate  MOSFET  is  used, 
almost  no  current  is  required  from  the  antenna  for  the  circuit  to  operate  properly. 

The  advantage  of  using  the  dual-gate  MOSFET  is  that  it  allows  for  the  use  of  an 
automatic  gain  control  (AGC)  in  the  RF  amplifier.  A  dc  voltage  is  applied  to  gate  2 
from  the  AGC  circuit.  This  voltage  is  directly  proportional  to  the  strength  of  the  signal 


The  AGC  input  shown  in 
Figure  13.27  is  a  feedback  path 
from  a  later  stage  in  the 
receiver.  The  de.levelat.this,. 
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received.  When  this  AGC  voltage  is  at  a  relatively  high  level  (indicating  a  strong  sig¬ 
nal),  the  gain  of  the  dual-gate  MOSFET  is  decreased.  When  a  weak  signal  is  received, 
the  voltage  from  the  AGC  circuitry  decreases,  and  the  gain  of  the  dual-gate  MOSFET 
increases.  The  overall  effect  of  this  operation  is  to  prevent  fading.  If  you  have  ever  been 
in  a  car  with  an  AM  radio,  you  have  experienced  fading  when  going  under  a  bridge. 
When  the  AM  signal  strength  decreases,  the  audio  fades.  The  use  of  AGC  circuitry  min¬ 
imizes  this  fading. 


13.7.3  Power  MOSFET  Drivers 


Digital  communications 

A  method  of  transmitting  and 
receiving  information  in  digital 

form. _ _ 

OBJECTIVE  12  ► 


At  some  point,  you  will  probably  study  digital  communications.  In  digital  communica¬ 
tions,  information  is  converted  (using  one  of  several  methods)  into  a  series  of  digital  sig¬ 
nals.  Those  signals  are  then  transmitted  and  received  in  digital  form.  Finally,  the  receiver 
converts  the  information  back  into  its  original  form. 

Many  digital  communications  systems  require  the  use  of  power  amplifiers  that  can 
produce  high-speed,  high-current  digital  outputs.  These  signals  can  be  produced  using  a 
power  MOSFET  driver  circuit  like  the  one  shown  in  Figure  13.28. 
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FIGURE  13.28  (Copyright  of  Semiconductor  Component  Industries,  LLC.  Used  by 
permission.) 


Speed-up  capacitor 

A  capacitor  used  in  the  base 
circuit  of  a  BJT  to  help  the 
device  switch  rapidly  between 
saturation  and  cutoff. 


The  high-current  capability  of  the  driver  is  provided  by  the  low  channel  resistance 
(rrf(on))  of  the  power  MOSFETs.  (Remember,  power  MOSFETs  typically  have  rd(onj  values 
of  2  fi  or  less.)  Thus,  depending  on  the  values  of  +  V,  -V,  and  Rs,  the  MOSFET  pair  can 
output  currents  as  high  as  20  to  35  A. 

The  high-speed  quality  of  the  circuit  is  provided  by  a  number  of  factors.  First,  the 
resistance  values  in  the  driver  circuit  are  extremely  low.  This  allows  the  capacitances  in 
the  circuit  to  charge  and  discharge  extremely  rapidly.  Also,  note  the  parallel  circuit  made 
up  of  R3  and  C3  in  the  base  circuit  of  Q{.  The  capacitor  (C3)  is  called  a  speed-up  capaci¬ 
tor.  This  capacitor  is  used  to  improve  the  switching  time  (the  time  taken  to  go  back  and 
forth  between  saturation  and  cutoff)  of  Qt.  Speed-up  capacitor  operation  is  discussed  in 
detail  in  Chapter  19. 
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13.7.4  VMOS  Applications 

You  may  remember  that  high-current  BJTs  are  used  in  applications  where  the  standard 
BJT  will  not  handle  the  current  requirements.  The  same  relationship  exists  between 
VMOS  devices  and  standard  MOSFETs.  A  VMOS  device  may  be  used  in  almost  any 
enhancement-type  MOSFET  circuit.  However,  it  is  usually  used  only  when  its  high  cur¬ 
rent  capabilities  are  required. 


1.  What  is  a  cascode  amplifier ? 

2.  How  does  the  cascode  amplifier  reduce  input  capacitance? 

3.  Describe  the  dual-gate  MOSFET  cascode  amplifier. 

4.  Describe  the  dual-gate  MOSFET  RF  amplifier. 

5.  What  is  automatic  gain  control  (AGC)?  How  is  it  achieved  in  the  dual-gate  MOSFET 
RF  amplifier? 

6.  What  is  fading] 

7.  What  is  digital  communications ? 

8.  What  purpose  does  the  power  MOSFET  driver  serve  in  digital  communications? 

9.  When  are  VMOS  devices  typically  used? 


Here  is  a  summary  of  the  major  points  made  in  this  chapter: 

1.  A  metal-oxide-semiconductor  FET,  or  MOSFET ,  is  a  device  that  is  capable  of 
enhancement-mode  operation.  (In  contrast,  JFETs  are  capable  of  depletion-mode 
operation  only.) 

a.  Depletion  MOSFETs,  or  D-MOSFETs,  are  capable  of  depletion-mode  and 
enhancement-mode  operation. 

b.  Enhancement  MOSFETs,  or  E-MOSFETs,  are  capable  of  enhancement-mode 
operation  only. 

2.  The  D-MOSFET  has  a  physical  channel  between  its  source  and  drain  terminals  (see 
Figure  13.1a).  VGS  is  used  to  reduce  or  increase  the  width  of  this  channel. 

3.  The  E-MOSFET  has  no  physical  channel  between  its  source  and  drain  terminals 
(see  Figure  13.1b).  VGS  is  used  to  form  a  channel  between  the  source  and  drain 
terminals. 

4.  The  material  that  forms  the  physical  base  of  a  MOSFET  is  called  the  substrate. 

5.  The  silicon  dioxide  (Si02)  layer  between  the  gate  and  the  rest  of  the  component  is 
highly  sensitive  to  static  electricity. 

a.  Many  MOSFETs  contain  internal  static  protection  circuitry  (see  Figure  13.3). 

b.  MOSFETs  should  never  be  stored  in  Styrofoam  (which  generates  static  electricity). 

c.  MOSFETs  should  not  be  held  by  their  leads;  they  should  be  held  by  their  cases 
only. 

d.  MOSFETs  should  not  be  installed  or  removed  while  power  is  applied. 

6.  The  operation  of  an  n-channel  D-MOSFET  is  illustrated  in  Figure  13.4. 

a.  When  VGs  —  0  V,  //)  —  1 1 )ss  (see  Figure  13.4a). 

b.  When  VGS  is  negative,  I D  <  IDSS  (see  Figure  13.4b). 

c.  When  VGS  is  positive,  ID>  IDSS  (see  Figure  13.4c). 

These  operating  states  are  all  represented  on  the  component  transconductance  curve 
(see  Figure  13.4d). 

7.  D-MOSFETs  can  use  any  of  the  JFET  biasing  circuits  described  in  Chapter  12. 

8.  D-MOSFETs  can  be  zero  biased.  When  zero  biased,  Id  =  loss  (see  Figure  13.7). 

9.  D-MOSFETs  are  compared  to  JFETs  in  Figure  13.8. 

10.  The  operation  of  an  n-channel  E-MOSFET  is  illustrated  in  Figure  13.9. 

a.  When  Vcs  =  0  V,  there  is  no  channel  between  the  source  and  drain  terminals, 
and  ID  =  / dss  —  0  A. 
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b.  When  VGS  reaches  a  specified  positive  value  called  the  threshold  voltage 
(VG5(,h)),  a  channel  forms  between  the  source  and  drain  terminals,  and  ID  >  0  A. 
The  transconductance  curve  for  an  n- channel  E-MOSFET  is  shown  in  Figure 
13.10. 

11.  Zero  bias  and  self-bias  cannot  be  used  to  bias  E-MOSFETs  because  they  are 
enhancement-only  devices. 

12.  E-MOSFETs  are  typically  biased  using  voltage-divider  bias,  gate  bias  (with  a  posi¬ 
tive  VGS),  and  drain-feedback  bias. 

a.  Drain-feedback  bias  is  similar  (in  appearance)  to  collector-feedback  bias  (see 
Figure  13.13). 

b.  Drain-feedback  bias  automatically  establishes  a  value  of  ID  =  /D(on).  Id( on)  is  the 
rated  value  of  E-MOSFET  current  when  VGS  =  VDS. 

13.  MOSFET  operation  is  limited  at  high  frequencies  because  they  have  high  gate 
capacitance  (see  Figure  13.16). 

14.  A  dual-gate  MOSFET  uses  two  gate  terminals  to  reduce  the  overall  gate  capaci¬ 
tance  of  the  component. 

a.  Normally,  a  dual-gate  MOSFET  is  wired  to  operate  as  two  series  MOSFETs. 

b.  Dual-gate  MOSFET  construction  is  illustrated  in  Figure  13.17. 

15.  A  V-MOSFET  (VMOS)  is  designed  to  handle  much  higher  drain  currents  than  a 
standard  MOSFET. 

a.  VMOS  devices  are  enhancement-mode  devices. 

b.  VMOS  device  construction  is  illustrated  in  Figure  13.18.  The  shape  of  the  gate 
results  in  a  wider  channel  than  that  in  a  standard  MOSFET. 

16.  When  a  VMOS  is  biased  as  shown  in  Figure  13.19,  a  channel  is  formed  that  allows 
conduction. 

17.  VMOS  devices  have  positive  temperature  coefficients. 

a.  A  positive  temperature  coefficient  means  that  device  resistance  increases  when 
temperature  increases. 

b.  Their  positive  temperature  coefficients  allow  several  VMOS  devices  to  be  wired 
in  parallel  for  increased  maximum  current.  Parallel  wiring  is  not  possible  for 
BJTs. 

18.  The  lateral  double-diffused  MOSFET,  or  LDMOS,  uses  a  short  channel  and  a  heavily 
doped  n-type  region  to  obtain  low  channel  resistance  and,  therefore,  high  drain  cur¬ 
rent.  LDMOS  construction  is  illustrated  in  Figure  13.20. 

19.  A  group  of  digital  circuits  that  have  similar  operating  characteristics  is  referred  to 
as  a  logic  family. 

20.  Complementary  MOS  (CMOS)  logic  is  made  up  entirely  of  MOSFETs. 

a.  An  inverter  is  a  logic-level  converter;  that  is,  it  converts  one  dc  voltage  to 
another,  and  vice  versa. 

b.  A  CMOS  inverter  is  shown  in  Figure  13.22. 

21.  CMOS  circuits  have  the  following  advantages  over  TTL  (a  logic  family  based  on 
BJTs): 

a.  They  draw  little  current  from  the  supply,  so  they  consume  very  little  power. 

b.  One  CMOS  output  can  drive  an  unlimited  number  of  CMOS  inputs  connected  in 
parallel. 

22.  A  cascode  amplifier  is  a  low-Cin  MOSFET  amplifier  that  is  used  in  high-frequency 
applications. 

a.  A  cascode  amplifier  has  a  common-source  circuit  directly  wired  to  a  common- 
gate  circuit  (see  Figure  13.25). 

b.  The  series  connection  of  MOSFETs  in  a  cascode  amplifier  causes  the  circuit  to 
have  lower  input  capacitance  than  either  individual  MOSFET. 

c.  A  dual-gate  MOSFET  can  be  wired  as  a  cascode  amplifier  (see  Figure  13.26). 

23.  An  RF  amplifier  that  uses  a  dual-gate  MOSFET  is  shown  in  Figure  13.27.  One  gate 
is  used  as  a  signal  input,  and  the  other  is  used  for  an  automatic  gain  control  (AGC) 
input. 

24.  MOSFET  power  drivers  are  commonly  used  in  digital  communications  circuitry. 
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EQUATION  SUMMARY 


Equation  Number 

Equation 

Section  Number 

(13.1) 

Id  ~ 

fgs  y 

13.2 

FGS(  off)/ 

(13.2) 

8m  1 

Fg.s  \ 

FG5(off)/ 

13.2 

(13.3) 

Id  ~  I^Wgs 

“  FGS(th)]' 

13.3 

(13.4) 

_  I Man) 

13.3 

K  — 

[FGs(on) 

FG,SYth)J2 

(13.5) 

Ff;.v  — 

Ffl.5 

13.3 

(13.6) 

F/js  =  Fdd 

_  RdId( on) 

13.3 

cascode  amplifier  538 
complementary  MOS 
(CMOS)  536 
depletion-mode 
operation  520 
digital  communications 
540 

D-MOSFET  520 
drain-feedback  bias  531 


dual-gate  MOSFET  533 
E-MOSFET  520 
enhancement-mode 
operation  520 
fanout  537 
inverter  536 
lateral  double-diffused 
MOSFET  (LDMOS) 
535 


logic  families  536 
logic  levels  535 
MOSFET  520 
speed-up  capacitor  540 
substrate  520 
threshold  voltage 
(^GS(th))  528 

V-MOSFET  (VMOS)  534 
zero  bias  526 


KEY  TERMS 


- -  PRACTICE  PROBLEMS 

Section  13.2 

1.  A  D-MOSFET  has  values  of  VGS(off)  =  -4  V  and  IDSS  =  8  mA.  Plot  the  transcon¬ 
ductance  curve  for  the  device. 

2.  A  D-MOSFET  has  values  of  Vcs(off)  =  -8  V  and  IDSS  =  12  mA.  Plot  the  transcon¬ 
ductance  curve  for  the  device. 

3.  A  D-MOSFET  has  values  of  VGS(off)  =  -4  to  -6  V  and  IDSS  =  6  to  9  mA.  Plot  the 
minimum  and  maximum  transconductance  curves  for  the  device. 

4.  A  D-MOSFET  has  values  of  VGS(off)  =  —4  to  -10  V  and  IDSS  =  5  to  10  mA.  Plot 
the  minimum  and  maximum  transconductance  curves  for  the  device. 

5.  The  D-MOSFET  described  in  Problem  1  has  a  value  of  gm0  =  2000  p.S.  Determine 
the  values  of  gm  at  VGS  =  —  2  V,  VGS  =  0  V,  and  VGS  =  +2  V. 

6.  The  D-MOSFET  described  in  Problem  2  has  a  value  of  gm0  =  3000  p,S.  Determine 
the  values  of  gm  at  VGS  =  —  5  V,  VGS  —  0  V,  and  VGS  =  +5  V. 

Section  13.3 

7.  An  E-MOSFET  has  ratings  of  VGS(th)  =  4  V  and  ID(0 n)  =  12  mA  at  VGS  =  8  V. 

Determine  the  value  of  ID  for  the  device  when  VGS  =  6  V. 

8.  An  E-MOSFET  has  ratings  of  FGs(th)  =  2  V  and  /D(on)  =  10  mA  at  Vcs  =  8  V.  Deter¬ 
mine  the  value  of  ID  for  the  device  when  VGS  =  + 12  V. 

9.  An  E-MOSFET  has  ratings  of  VGS(th)  =  1  V  and  ID(on)  =  8  mA  at  VGS  =  4  V. 

Determine  the  values  of  ID  for  the  device  when  VGS  =  1  V,  VGS  =  4  V,  and  VGS  =  5  V. 

10.  An  E-MOSFET  has  values  of  VGS<th)  =  3  V  and  /D(on)  =  2  mA  at  VGS  =  5  V.  Deter¬ 
mine  the  values  of  lD  for  the  device  when  VGS  =  3  V,  VGS  =  5  V,  and  VGS  =  8  V. 

11.  Calculate  the  values  of  ID  and  VDS  for  the  amplifier  in  Figure  13.29. 

12.  Calculate  the  values  of  ID  and  VDS  for  the  amplifier  in  Figure  13.30. 
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+32  V 


+24V 


FIGURE  13.29  FIGURE  13.30 


13.  Calculate  the  values  of  ID  and  Vns  for  the  amplifier  in  Figure  13.31. 

14.  Calculate  the  values  of  ID  and  VDS  for  the  amplifier  in  Figure  13.32. 

15.  Calculate  the  values  of  ID  and  VDS  for  the  amplifier  in  Figure  13.33. 

16.  Calculate  the  values  of  ID  and  VDS  for  the  amplifier  in  Figure  13.34. 


+14 V  +8  V 


FIGURE  13.31  FIGURE  13.32 


+10V  +15  V 


FIGURE  13.33  FIGURE  13.34 
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- - -  TROUBLESHOOTING 

17.  The  circuit  shown  in  Figure  13.35  has  the  waveforms  shown.  Discuss  the  possible  PRACTICE  PROBLEMS 
cause(s)  of  the  problem. 


FIGURE  13.35 


18.  The  circuit  shown  in  Figure  13.36  has  the  dc  voltages  indicated.  Discuss  the  possi¬ 
ble  cause(s)  of  the  problem. 

+16  v 


OV 


Kss(off)  =  -10  V 
Ipss  =  8  mA 


FIGURE  13.36 

- — — -  PUSHING  THE  ENVELOPE 

19.  Determine  the  range  of  Av  values  for  the  circuit  shown  in  Figure  13.37. 

20.  Determine  the  range  of  Av  values  for  the  circuit  shown  in  Figure  13.38. 

21.  Determine  the  range  of  1D  values  for  the  circuit  shown  in  Figure  13.39. 

22.  The  constant-current  bias  circuit  shown  in  Figure  13.40  won’t  work.  Why? 

23.  The  MOSFET  shown  in  Figure  13.41  has  a  maximum  gate  current  of  800  pA  when 
Vcs  =  32  V.  Determine  the  input  impedance  of  the  device  and  the  circuit.  Then, 
determine  the  input  impedance  of  the  circuit,  assuming  that  the  MOSFET  has  infi¬ 
nite  input  impedance.  What  is  the  difference  between  the  two  values  of  Zin? 
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+16  V 


i  ka 


if 


^GS(off)  =  “6 10  -8  V 
loss  -  8  to  12  mA 
gm0  =  2600  to  3200  uS 


FIGURE  13.37 


+14  V 

>2kn 

'• — 1(— 5 


-8to-12  V 
4  to  8  mA 
2000  to  3800  |iS 


FIGURE  13.38 


+12  V 


FIGURE  13.39 


^GS(otf)  =  -5  V  (maximum) 
lDSS  =  5  mA  (maximum) 
9mO  =  2000  MS 


SUGGESTED  COMPUTER 

APPLICATIONS 

PROBLEMS 


24.  Write  a  program  that  will  perform  the  complete  dc  analysis  of  a  zero-bias  circuit 
when  provided  with  the  proper  information. 

25.  Write  a  program  that  will  determine  the  value  of  ID  for  an  E-MOSFET  at  any  given 
value  of  VGS.  The  program  should  include  the  determination  of  the  value  of  k  for  the 
device. 
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+24  V 
9 


B| 

20  kn 


Oi 


-o 

9 


^GS(om  =  -8  v  (maximum) 


/DSS  =  2  mA  (maximum) 


+64  V 


FIGURE  13.40 


FIGURE  13.41 


26.  Write  a  program  that  will  perform  the  complete  dc  analysis  of  a  drain-feedback  bias 
circuit  when  provided  with  the  required  information. 


13.1  See  Figure  13.42. 


ANSWERS  TO  THE 
EXAMPLE  PRACTICE 
PROBLEMS 


/d  (mA) 


'/GS 


FIGURE  13.42 


13.2  27.44  mA 

13.3  ID  =  8  mA,  VDS  =  10  V 
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chapter  14 


Amplifier  Frequency 
Response 

Objectives 

After  studying  the  material  in  this  chapter,  you  should  be  able  to: 

1.  Define  bandwidth,  cutoff  frequency,  and  geometric  center  frequency,  and  identify  each  on 
a  frequency-response  curve. 

2.  Calculate  any  two  of  the  following  values  given  the  other  two: /ci,/c2,  geometric  center 
frequency  (/0),  or  bandwidth. 

3.  Describe  the  decade  and  octave  frequency  multipliers. 

4.  Compare  and  contrast  the  Bode  plot  with  the  frequency-response  curve. 

5.  Perform  a  complete  low-frequency  analysis  of  a  BJT  amplifier. 

6.  Discuss  the  concept  of  gain  roll-off,  and  calculate  its  effect  on  voltage  gain  at  a  given 
operating  frequency. 

7.  Explain  why  BJT  internal  capacitances  are  not  considered  in  low-frequency  analyses. 

8.  Calculate  the  Miller  input  and  output  capacitance  values  for  a  BJT  amplifier. 

9.  Perform  a  complete  high-frequency  analysis  of  a  BJT  amplifier. 

10.  Compare  high-frequency  roll-off  rates  to  low-frequency  roll-off  rates. 

11.  Perform  the  low-frequency-response  analysis  of  an  FET  amplifier. 

12.  Perform  the  high-frequency-response  analysis  of  an  FET  amplifier. 

13.  Describe  and  analyze  the  frequency  response  of  a  multistage  amplifier. 

Outline 

14.1  Basic  Concepts 

14.2  BJT  Amplifier  Frequency  Response 

14.3  FET  Amplifier  Frequency  Response 

14.4  Multistage  Amplifiers 
Chapter  Summary 
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14.1  Basic  Concepts 


OBJECTIVE  1  ► 


Bandwidth  (BW) 

The  range  of  frequencies  over 
which  gain  is  relatively 
constant. 


Frequency-response  curve 

A  curve  showing  the 
relationship  between  gain  and 
operating  frequency. 


A  Practical  Consideration: 

The  gain  of  an  amplifier  will 
start  to  drop  off  well  before  the 
operating  frequency  reaches  fCi 
or/p.  However,bythe  time/ci 
or/(  2  is  reached,  the  value  of 


In  this  chapter,  we  will  take  a  look  at  the  effects  of  operating  frequency  on  BJT  and  FET 
circuit  gain.  As  we  progress  through  our  discussions,  you  will  see  that  several  principles 
apply  to  all  types  of  amplifiers.  In  this  section,  we  will  discuss  each  of  these  principles. 


14.1.1  Bandwidth 

Most  amplifiers  have  relatively  constant  gain  over  a  certain  range,  or  band,  of  frequen¬ 
cies.  This  band  of  frequencies  is  called  the  bandwidth  (BW)  of  the  amplifier.  The  band¬ 
width  for  a  given  amplifier  depends  on  the  circuit  component  values  and  the  type  of 
active  component(s)  used.  Later  in  this  chapter,  you  will  be  shown  how  to  calculate  the 
bandwidth  for  several  BJT  and  FET  amplifiers. 

When  an  amplifier  is  operated  within  its  bandwidth,  the  current,  voltage,  and  power 
gain  values  for  the  amplifier  are  calculated  as  shown  earlier  in  the  text.  For  clarity,  these 
values  of  A,-,  Av,  and  Ap  are  referred  to  as  midband  gain  values.  For  example,  the  midband 
power  gain,  ApUmi),  of  an  amplifier  is  the  power  gain  of  the  circuit  when  it  is  operated 
within  its  bandwidth.  Again,  the  exact  value  of  Ap(mid)  (as  well  as  the  other  gain  values) 
are  calculated  as  shown  earlier  in  the  text  and  vary  from  one  circuit  to  another. 

A  graphic  representation  of  the  relationship  between  amplifier  gain  and  operating  fre¬ 
quency  is  called  a  frequency-response  curve.  A  simplified  frequency-response  curve  is 
shown  in  Figure  14.1. 


FIGURE  14.1  A  simplified  frequency  response  curve. 


f  (Hz) 


As  the  frequency-response  curve  shows,  the  power  gain  of  an  amplifier  remains  rela¬ 
tively  constant  across  a  band  of  frequencies.  When  the  operating  frequency  starts  to  go 
outside  this  frequency  range,  the  gain  begins  to  drop  off.  The  greater  the  increase  or 
decrease  in  operating  frequency  (outside  the  constant-gain  band),  the  greater  the  decrease 
in  gain. 

Two  frequencies  of  interest,  /C]  and/r2,  are  identified  on  the  frequency-response  curve. 
These  are  the  frequencies  at  which  power  gain  decreases  to  approximately  50%  of  Ap(mid). 
For  example,  let’s  assume  that  the  amplifier  represented  by  the  curve  in  Figure  14.1  has  the 
following  values:  fct  =  10  kHz,  /C2  =  100  kHz,  and  Ap(mid)  =  500.  When  operated  at  a 
point  between  its  cutoff  frequencies,  the  amplifier  has  a  power  gain  of  500.  Decreasing  the 
operating  frequency  toward  /C1  causes  a  decrease  in  power  gain.  When  the  operating  fre¬ 
quency  reaches  10  kHz  (/Ci),  the  amplifier  power  gain  has  decreased  to  250.  Likewise, 
increasing  the  operating  frequency  toward  fcl  causes  a  decrease  in  power  gain.  When  the 
operating  frequency  reaches  100  kHz.  the  amplifier  power  gain  has  decreased  to  250.  If 
the  circuit  operating  frequency  varies  far  enough  outside  the  limits  set  by  fcl  and  fc2,  the 
amplifier  eventually  reaches  unity  gain  (Ap  =  1).  At  this  point,  the  amplifier  no  longer 
serves  any  purpose. 
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The  frequencies  labeled  /C1  and  fC2  are  the  amplifier  cutoff  frequencies.  The  cutoff 
frequencies  frequencies  for  a  given  amplifier  define  its  bandwidth  limits,  as  shown  in 
Figure  14.1.  Note  that  the  bandwidth  of  an  amplifier  is  found  as  the  difference  between 
fci  and  fC2  as  follows: 


BW  =fc2-fa 


(14.1) 


where  BW  =  the  amplifier  bandwidth,  in  hertz 
fc2  =  the  upper  cutoff  frequency 
/C1  =  the  lower  cutoff  frequency 

The  following  chart  shows  some  examples  of  fcufc2>  and  BW  value  combinations. 


fci  (kHz) 

fci  (kHz) 

BW  (kHz) 

10 

100 

90 

25 

250 

225 

0  (dc) 

400 

400 

Note  that  the  bandwidth  in  each  case  equals  the  difference  between  /c,  and  /C2.  This 
relationship  is  illustrated  further  in  Example  14.1. 


EXAMPLE  14.1 _ 

The  frequency-response  curve  in  Figure  14.2  represents  the  operation  of  an  ampli¬ 
fier.  Determine  the  bandwidth  of  the  circuit. 


Solution:  The  cutoff  frequencies  correspond  to  the  half-power  points  on  the 
curve,  as  shown.  For  this  particular  circuit,  these  values  are  approximately 


fC\  -  30  kHz  and  / 'a  =  275  kHz 


The  bandwidth  is  found  as 


BW  =fc2  -  fa  =  275  kHz  -  30  kHz  =  245  kHz 


Practice  Problem  14.1 

Determine  the  bandwidth  for  the  amplifier  represented  by  the  frequency-response 
curve  in  Figure  14.3. 


◄  OBJECTIVE  2 


Cutoff  frequencies 
The  frequencies  at  which  Ap 
decreases  to  50%  of  Ap(]md). 
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Geometric  center 
frequency  (/0) 

The  frequency  that  equals  the 
geometric  average  of/Ci  and 

Sc  2- 


There  are  cases  when  it  is  desirable  to  know  the  geometric  center  frequency  (/0)  of  a 
given  amplifier.  The  geometric  center  frequency  is  the  geometric  average  of  the  cutoff  fre¬ 
quencies.  By  formula. 


(14.2) 


What  is  the  relationship 
between  geometric  center 


When  the  operating  frequency  of  an  amplifier  is  equal  to  the  value  of/0,  the  power  gain  of 
the  amplifier  is  at  its  maximum  value.  Then,  as  the  operating  frequency  varies  toward /C1 
or  fC2 ,  the  power  gain  begins  to  drop  off.  By  the  time  the  operating  frequency  reaches 
either  of  the  cutoff  frequencies,  power  gain  has  dropped  to  50%  of  A^d).  Example  14.2 
demonstrates  the  calculation  of/0  for  an  amplifier. 


EXAMPLE  14.2 _ _ 

Determine  the  value  of /0  for  the  amplifier  represented  by  Figure  14.2. 

Solution:  The  values  of/cl  and/c2  were  found  to  be  30  kHz  and  275  kHz,  respec¬ 
tively.  Using  these  two  values  in  equation  (14.2),  the  value  of  the  center  frequency 
is  found  as 


ci/«  =  V  (30  kHz)(275  kHz)  =  90.83  kHz 


Practice  Problem  14.2 

Determine  the  value  of  f0  for  the  amplifier  represented  by  the  curve  in  Figure 
14.3. 


Since /0  is  the  geometric  average  of  the  cutoff  frequencies,  the  ratio  of/0  tofC\  equals 
the  ratio  of/C2  to/0.  By  formula, 

(14.3) 

Example  14.3  illustrates  the  fact  that  these  ratios  are  equal. 

EXAMPLE  14.3 _ _ _ 

Show  that  the  ratio  of  /0  to  fC\  is  equal  to  the  ratio  of  fCi  to  /0  for  the  amplifier 
described  in  Examples  14.1  and  14.2. 
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Solution:  The  following  values  were  obtained  in  the  two  examples: 


fci  =  30  kHz 
fc2  =  275  kHz 
f0  =  90,83  kHz 


The  ratio  of/0  to/cl  is  found  as 


/o 

fci 


90.83  kHz 
30  kHz 


=  3.03 


The  ratio  of  /C2  to/0  is  found  as 


fc2  _  275  kHz  _  j  02 
ft  90.83  kHz  ' 


As  you  can  see,  the  frequency  ratios  are  equal. 

Practice  Problem  14.3 

Show  that  equation  (14.3)  holds  true  for  the  circuit  described  in  Practice  Problems 
14.1  and  14.2. 


Equation  (14.3)  is  important  because  it  provides  us  with  some  insight  into  the  relation¬ 
ship  between /0,/cl,  and  fC2.  When  an  amplifier  is  operated  at  its  geometric  center  fre¬ 
quency,  the  input  frequency  can  vary  by  the  same  factor  in  each  direction  before  the 
power  gain  of  the  amplifier  drops  to  50%  of  For  example,  let’s  say  that  an  ampli¬ 

fier  has  the  following  values: 


fci  =  6  kHz 
fa  =  150  kHz 
ft  =  30  kHz 


As  you  can  see, /0  is  five  times  the  value  of  fC].  At  the  same  time,  fC2  is  five  times  the 
value  of/0.  Thus,  if  the  amplifier  is  operated  at/0,  the  input  frequency  can  decrease  by  a 
factor  of  five  before  hitting  the  lower  cutoff  frequency  (fcl)  or  can  increase  by  a  factor  of 
five  before  hitting  the  upper  cutoff  frequency  (fci)-  This  is  where  the  term  geometric  cen¬ 
ter  frequency  comes  from. 

Equation  (14.3)  can  be  transposed  to  provide  us  with  two  other  useful  equations.  Each 
can  be  used  to  predict  the  value  of/cl  or  fC2  when  the  other  cutoff  frequency  and  the  cen¬ 
ter  frequency  are  known,  as  follows: 


and 


(14.4) 


(14.5) 


Once  the  unknown  cutoff  frequency  has  been  determined,  we  can  calculate  the  bandwidth 
of  the  amplifier,  as  Examples  14.4  and  14.5  demonstrate. 
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EXAMPLE  14.4 


The  values  of/0  and  fC2  for  an  amplifier  are  measured  at  60  kHz  and  300  kHz, 
respectively.  Determine  the  values  of  fcl  and  BW  for  the  amplifier. 

Solution:  The  value  of fC\  is  found  using  equation  (14.4)  as  follows: 


_fl  _  (60  kHz)2 
Icl  fa  300  kHz 


12  kHz 


The  value  of  BW  is  now  found  as 


BW  =fa  ~fci  =  300kHz  -  12kHz  =  288kHz 


Practice  Problem  14.4 

An  amplifier  has  values  of  fC2  =  300  kHz  and  f0  =  30  kHz.  Determine  the  band¬ 
width  of  the  amplifier. 


EXAMPLE  14.5 _ 

The  values  of/0  and/cl  for  an  amplifier  are  measured  at  40  kHz  and  8  kHz,  respec¬ 
tively.  Determine  the  values  of/C2  and  BW  for  the  amplifier. 

Solution:  The  value  of/C2  is  found  using  equation  (14.5)  as  follows: 


=  /o  =  (40  kHz)2  _ 
fcl  8  kHz 


M 


200  kHz 


The  value  of  BW  is  now  found  as 


BW  -fa  -fd  =  200  kHz  -  8  kHz  =  192  kHz 


Practice  Problem  14.5 

An  amplifier  has  values  of/0  =  25  kHz  and  /C1  =  5  kHz.  Determine  the  bandwidth 
of  the  amplifier. 


You  have  been  shown  the  relationship  among  the  cutoff  frequencies  (/C1  and/C2),  the 
center  frequency  (/0),  and  the  bandwidth  (BW)  of  an  amplifier.  In  later  sections,  you  will 
be  shown  the  circuit  analysis  equations  used  to  determine  all  these  values. 


A  Practical  Consideration: 
Most  ac  voltmeters  do  not  have 
the  frequency-handling 
capability  needed  to  measure 
bandwidth.  For  this  reason,  the 
method  covered  here 
emphasizes  the  use  of  the 
oscilloscope.  When  using  the 
;osdflaseope;:tGt.!pe^i::: ) 
hjiidu  idih.  >  ou  shi add  use  a 
X 10  probe  tort 


14.1.2  Measuring  fcl  and  fc 2 

When  you  are  working  with  an  amplifier,  its  cutoff  frequencies  can  be  measured  easily 
using  an  oscilloscope.  The  procedure  is  as  follows: 

1.  Set  up  the  amplifier  for  the  maximum  undistorted  output  signal.  This  is  done  by 
varying  the  amplitude  of  the  amplifier  input  signal.  As  a  first  step,  set  the  input 
frequency  to  approximately  100  kHz. 

2.  Establish  that  you  are  operating  in  the  midband  of  the  amplifier  by  varying  the  fre¬ 
quency  of  the  input  signal  several  kilohertz  in  both  directions.  If  you  are  in  the  mid¬ 
band  range  of  the  amplifier,  the  amplitude  of  the  amplifier  output  will  not  change 
significantly  as  you  vary  the  input  frequency. 

3.  If  you  are  not  in  the  midband  frequency  range,  adjust  fn  until  you  are. 

4.  Adjust  the  volts-div  calibration  control  until  the  waveform  fills  exactly  seven  major 
divisions  (peak-to-peak). 
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5.  To  determine  the  value  of/cl,  decrease  fn  until  the  output  waveform  fills  only  five  Lab  Reference:  This  technique  for 
major  divisions.  At  this  frequency,  the  amplitude  of  the  output  has  changed  by  a  measuring  amplifier  cutoff 

ratio  of  5/7  =  0.707.  This  ratio  indicates  that  we  are  operating  the  circuit  at  its  cut-  frequencies  can  be  used  in 

off  frequency.  Exercise  20. _ 

6.  Increase  the  frequency  until  the  same  thing  happens  on  the  high  end  of  operation. 

Measure  fC2  at  this  frequency. 

In  basic  electronics,  you  learned  that  power  varies  with  the  square  of  voltage.  The  same 
principle  holds  true  for  Ap  and  Av.  Thus,  when  Ap  drops  to  0.5  of  Ap(m]i},  the  voltage  gain  will 
drop  by  the  square  root  of  the  0.5  factor,  0.707.  As  you  will  see,  the  fact  that  Av  equals 
0.707Av(mid)  at  the  cutoff  frequencies  is  important  when  deriving  the  equations  for/cl  and/c2. 

14.1.3  Gain  and  Frequency  Measurements 

Up  to  this  point,  we  have  used  simplified  frequency-response  curves  in  the  various  illus¬ 
trations.  A  more  practical  frequency-response  curve  is  shown  in  Figure  14.4.  As  you  can 
see,  this  curve  is  a  bit  more  complicated  than  any  you  have  seen  thus  far.  The  primary  dif¬ 
ferences  are  as  follows: 

1.  The  y-axis  of  the  graph  represents  changes  in  power  gain  rather  than  specific  power 
gain  values. 

2.  The  changes  in  power  gain  are  expressed  in  decibels  (dB). 

3.  The  frequency  units  are  based  on  a  logarithmic  scale;  that  is,  each  major  division  is 
a  whole-number  multiple  of  the  previous  major  division. 

We  will  look  at  all  of  these  differences  so  that  you  will  have  no  problem  with  reading  an 
actual  frequency-response  curve. 


FIGURE  14.4  A  more  practical  frequency-response  curve. 

14.1.4  Decibel  Power  Gain 

A  decibel  (dB)  is  a  logarithmic  representation  of  a  ratio.  One  advantage  of  using  decibels  is 
that  they  allow  us  to  represent  very  large  ratios  as  relatively  small  numbers.  In  Chapter  8, 
we  discussed  the  concept  of  dB  gain  in  detail.  The  material  presented  here  is  intended  only 
as  a  brief  review. 

Frequency-response  curves  and  specification  sheets  often  list  gain  values  that  are  mea¬ 
sured  in  decibels.  As  shown  in  Chapter  8,  the  decibel  power  gain  of  an  amplifier  is  found  as 

AMdB)  |  10  log  (14.6) 


Apm-*2  10 (14.7) 

Examples  14.6  and  14.7  review  the  process  for  finding  the  power  gain  of  an  amplifier  in 
decibels. 
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EXAMPLE  14.6 


An  amplifier  has  values  of  Pin  =  100  ptW  and  Pout  =  2  W.  What  is  the  dB  power 
gain  of  the  amplifier? 

Solution:  The  dB  power  gain  of  the  amplifier  is  found  as 
P  2  W 

Ap(dB)  =  10  log  =  to  log  1Q0^W  =  10  log  (20,000)  =  43.01  dB 
Practice  Problem  14.6 

An  amplifier  has  values  of  Pin  =  420  |xW  and  Pout  =  6  W.  What  is  the  dB  power 
gain  of  the  amplifier? 


For  multistage  amplifiers,  the  total  dB  gain  of  the  circuit  equals  the  sum  of  the  dB 
gains  of  the  stages. 

EXAMPLE  14.7 _ _ _ 

For  the  multistage  amplifier  represented  in  Figure  14.5,  prove  that  the  total  power 
gain  is  equal  to  Apl(dB)  +  Ap2(m  +  ApMdB). 


P 


out 


Ap,  =  100 
=  20  dB 


Ap3 


=  2 

=  3  dB 


FIGURE  14.5 


Solution:  The  gain  of  each  stage  is  shown  in  standard  numeric  form  and  as  a 
decibel  value.  As  you  recall,  the  total  power  gain  of  a  multistage  amplifier  is  equal 
to  the  product  of  the  individual  power  ratio  values.  By  formula, 

Aptf-f  =  (Apl)(Ap2)(Ap3)  =  (100X4X2)  =  800 

If  we  convert  the  ratio  value  of  (800)  to  decibels,  we  get  the  following: 


Ap(m  =  10  log  Ap  =  10  log  (800)  =  29  dB 

Now,  if  we  simply  add  the  decibel  gains  of  the  three  stages,  we  get  the  following: 

Ap(T)  —  Api(dB)  +  Ap2(dB)  +  Ap3(<jB)  =  20  dB  +  6  dB  +  3  dB  =  29  dB 

Since  both  methods  of  determining  total  dB  power  gain  yield  the  same  result,  we 
have  shown  that  you  can  determine  total  multistage  gain  by  simply  adding  the  indi¬ 
vidual  dB  power  gain  values. 

Practice  Problem  14.7 

A  three-stage  amplifier  has  gain  values  of  100,  86,  and  45.  Show  that  the  decibel 
gain  values  can  be  added  to  determine  the  total  amplifier  gain. 


Now,  let’s  relate  what  you  have  learned  about  dB  gain  values  to  the  frequency-response 
curve  in  Figure  14.4.  Note  that  the  v-axis  of  the  graph  represents  a  change  in  power  gain, 
expressed  in  dB.  When  the  circuit  is  operated  in  its  midband  frequency  range, 

Ap 
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and 


If  we  convert  this  power  gain  ratio  to  dB  form,  we  get 


A^mid)=  10  log  (1)  =  0  dB 


This  is  why  midband  power  gain  is  labeled  as  0  dB  in  Figure  14.4. 

When  A Ap  =  -3  dB,  the  power  gain  of  the  amplifier  is  half  its  midband  value.  That  is, 

■\P  =  '  (when  A Ap  =  -3  dB) 


Based  on  this  relationship,  we  can  redefine  fcl  and  fa  (the  cutoff  frequencies)  as  follows: 
The  cutoff  frequencies  of  an  amplifier  are  those  frequencies  at  which  the  power  gain  of 
the  amplifier  is  3  dB  lower  than  its  midband  value.  For  this  reason,  the  cutoff  frequencies 
of  an  amplifier  are  often  called  the  upper  and  lower  3  dB  frequencies. 

14.1.5  Frequency  Units  and  Terminology 

The  frequency-response  curve  in  Figure  14.4  utilizes  a  logarithmic  scale  to  measure  fre¬ 
quency  values.  A  logarithmic  scale  is  one  that  uses  a  geometric  progression  of  units.  In  a 
geometric  progression,  the  value  of  each  division  is  a  whole  number  multiple  of  the  value 
for  the  previous  division.  For  example,  in  Figure  14.4,  the  value  of  each  division  on  the 
horizontal  scale  is  10  times  the  value  of  the  previous  division. 

When  the  multiplier  rate  for  a  frequency  scale  is  10,  the  scale  is  referred  to  as  a  decade 
scale.  Note  that  a  decade  is  a  frequency  multiplier  equal  to  10.  The  scale  in  Figure  14.4  is 
a  decade  scale. 

Another  commonly  used  frequency  multiplier  is  the  octave.  One  octave  is  a  frequency 
multiplier  of  two.  Thus,  when  you  increase  frequency  by  one  octave,  you  double  the  orig¬ 
inal  frequency.  The  following  table  shows  a  series  of  fundamental  (starting)  frequencies 
and  the  decade  and  octave  frequencies  for  each: 


Fundamental 

Octave 

Decade 

100  Hz 

200  Hz 

1  kHz 

500  Hz 

1  kHz 

5  kHz 

1.5  MHz 

3  MHz 

15  MHz 

fx 

2 fx 

10/, 

The  terms  octave  and  decade  are  used  extensively  in  describing  the  rate  at  which  gain 
varies  with  frequency.  For  example,  an  amplifier  may  be  said  to  have  a  roll-off  rate  of 
20  dB/decade.  This  means  that  the  gain  of  the  amplifier  decreases  at  a  rate  of  20  dB  for 
each  decade  that  the  frequency  goes  beyond  the  limit  of  either /C1  or  fC2.  Roll-off  rates  are 
discussed  in  more  detail  later  in  this  chapter. 

14.1.6  Bode  Plots 

The  Bode  plot  (pronounced  “bo-de”)  is  a  variation  on  the  basic  frequency-response 
curve.  A  Bode  plot  is  shown  in  Figure  14.6.  As  you  can  see,  the  Bode  plot  differs  from 
the  frequency-response  curves  you  have  seen  so  far  in  one  respect:  The  value  of  AA;)(imdj 
is  assumed  to  be  zero  until  the  cutoff  frequencies  are  reached.  Then,  the  power  gain  of  the 
amplifier  is  assumed  to  drop  at  a  set  rate  of  20  dB/decade.  For  comparison,  the  standard 
frequency-response  curve  (labeled  FRC)  is  included  in  the  figure.  Note  that  the  power 
gain  of  the  amplifier  is  shown  to  be  down  by  3  dB  at  each  of  the  cutoff  frequencies  on  the 
FRC,  while  the  power  gain  is  still  shown  to  be  at  its  midband  value  on  the  Bode  plot. 
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◄  OBJECTIVE  3 


Decade 

A  frequency  multiplier  equal 
to  10. 

Octave 

A  frequency  multiplier  equal 
to  2. 


◄  OBJECTIVE  4 
Bode  plot 

A  frequency-response  curve 
that  assumes  AAp{mid)  is  zero 
until  the  cutoff  frequency  is 
reached. 
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Bode  plots  are  typically  used  in  place  of  other  types  of  frequency-response  curves 
because  they  are  easier  to  read.  Since  Bode  plots  are  the  most  commonly  used 
frequency-response  graphs,  we  will  use  them  throughout  the  remainder  of  this  chapter. 
Just  remember,  while  the  Bode  plot  shows  A Ap  to  be  zero  at  the  cutoff  frequencies,  the 
actual  value  is  —  3  dB. 

At  this  point,  we  have  looked  at  the  overall  relationship  between  gain  and  frequency. 
We  have  also  discussed  the  basic  units  used  to  measure  gain  and  frequency.  Now,  we  will 
move  on  to  specific  types  of  circuits,  their  respective  calculations,  and  the  reasons  for 
their  response  characteristics. 


Section  Review  ►  1.  What  is  bandwidth ? 

2.  Draw  a  frequency-response  curve,  and  identify  the  following:  /c, ,  fc 2,  bandwidth, 
and  geometric  center  frequency. 

3.  What  is  the  numeric  relationship  among  the  values  of/Ci,/o,  and/C2  for  a  given 
amplifier? 

4.  What  is  the  procedure  for  measuring  fC\  and  fCi  with  an  oscilloscope? 

5.  Which  oscilloscope  probe  should  be  used  for  high-frequency  measurements?  Why? 

6.  In  what  form  are  gain  values  typically  written? 

7.  What  are  the  advantages  of  using  decibel  gain  values? 

8.  Why  are  the  cutoff  frequencies  referred  to  as  the  upper  and  lower  3  dB  points ? 

9.  What  type  of  frequency  scale  is  normally  used  in  frequency-response  curves? 

10.  What  is  a  decade ?  What  is  an  octave ? 

11.  Why  are  decade  and  octave  frequency  scales  used? 

12.  Compare  and  contrast  the  Bode  plot  with  a  frequency-response  curve. 


14.2  BJT  Amplifier  Frequency  Response 


The  cutoff  frequencies  of  an  ftC-coupled  amplifier  are  determined  by  the  combination 
of  amplifier  capacitance  and  resistance  values.  In  this  section,  you  will  be  shown  how 
the  capacitance  and  resistance  values  in  an  7?C-coupled  BJT  amplifier  determine  the 
frequency-response  characteristics  of  the  circuit. 

14.2.1  Low-Frequency  Response 

OBJECTIVE  5  ►  Our  discussion  on  BJT  amplifier  low-frequency  response  begins  with  the  base  circuit.  For 
reference,  this  circuit  is  shown  in  Figure  14.7.  The  resistor  shown  in  the  base  circuit  (R\  ||  Ro) 
represents  the  ac  equivalent  of  a  voltage-divider  bias  network.  This  resistance  is  in  paral¬ 
lel  with  the  input  impedance  of  the  transistor  (hie).  As  shown  in  the  modified  circuit  on 
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the  right,  Ru  R2,  and  hie  can  be  combined  into  a  single  amplifier  input  resistance  (Rin). 
Assuming  that  the  signal  source  is  ideal  ( Rs  =  0  fl),  the  amplifier  input  resistance  forms 
a  voltage  divider  with  the  reactance  of  the  coupling  capacitor.  For  this  divider  circuit,  the 
value  of  vb  is  found  as 


(14.8) 


Now,  let’s  take  a  look  at  what  happens  to  the  fraction  in  equation  (14.8)  when  Xc  = 
R,n.  When  this  happens,  the  fraction  simplifies  as  follows: 


If  we  replace  the  fraction  in  equation  (14.8)  with  the  0.707  value  obtained,  we  get  the  fol¬ 
lowing  relationship: 


vb  =  0.707 t’in  (when  Xc  =  /?in)  (14.9) 

Thus,  the  circuit  shown  in  Figure  14.7  has  a  value  of  vb  =  0.707vin  when  Xc  =  Rm.  (This 
assumes  that  the  signal  source  is  ideal;  that  is,  it  assumes  that  Rs  =  0  0.)  When  vb  = 
0.707vin,  the  voltage  gain  of  the  circuit  is  effectively  reduced  to  0.707 Av(mid).  As  you  may 
recall,  A,,  =  0.707Av(mid)  at  the  half-power  points.  Thus,  the  lower  half-power  point  (/C1) 
for  Figure  14.7  occurs  at  the  frequency  that  causes  Xc  to  equal  Rin. 

At  what  frequency  does  this  occur?  If  we  swap  the  values  of  /  and  Xc  in  the  basic 
capacitive  reactance  equation,  we  obtain  the  following  equation: 


1 

2tt  XcC 


(14.10) 


Since  Xc  is  equal  to  the  total  ac  resistance  in  the  base  circuit  (R)  at  /C1,  we  can  rewrite  this 
equation  as 


flB  = 


1 

2ir RC 


(14.11) 


where  flB  =  the  output  lower  cutoff  frequency  of  the  base  circuit 
R  =  the  total  ac  resistance  in  the  base  circuit 
C  =  the  value  of  the  base  coupling  capacitor 

The  value  of  R  in  equation  (14.11)  represents  the  total  ac  resistance  in  the  base  circuit. 
Though  we  assumed  a  value  of  Rs  =  0  (1  earlier,  the  source  resistance  in  Figure  14.7 


When  referring  to  the  overall 
circuit  response  of  an  amplifier, 
we  designate  the  cutoff 
frequencies  as  fa  and/C2.  To 
distinguish  the  cutoff 
frcquLiiciw'  ot  the  indis  iduat 
luntnsior  tefoiuinl  areuctt  we 

•ignat$  them  as/uc./f*-. 

mUBUSIE  SBimaBm 


Section  14.2  BJT  Amplifier  Frequency  Response 


559 


must  be  accounted  for.  Since  Rs  is  in  series  with  Rin,  the  half-power  frequency  is  the  one 
at  which  Xc  equals  (Rs  +  R,j-  By  formula. 


1 


IIB 


2tt(Rs  +  Rin)CCl 


(14.12) 


where  Rs  =  the  resistance  of  the  ac  signal  source 
Rin  =  Rl  ||  R2  ||  hie 

This  is  the  equation  that  is  used  to  determine  the  lower  cutoff  frequency  of  the  base  cir¬ 
cuit,  as  Example  14.8  demonstrates. 


EXAMPLE  14.8 _ _ 

Determine  the  value  of f1B  for  the  circuit  shown  in  Figure  14.8. 


+10  V 
o 


FIGURE  14.8 


Solution:  First,  the  value  of  Rm  is  found  as 

*i„  =  Ri  II  *2 II K  =  is  kn  ||  4.7  ka  ||  4.4  kn  =  2018  o 

Now,  using  this  value  in  equation  (14.12),  we  obtain  the  value  of  f]  H  as  follows: 

f  = - 1 - - - — - = - - - -Hz  -  60.79Hz 

J1B  2tx(Rs  +  RJC  2ir(2618  0)(l  |xF)  16.45  X  10-3 

Thus,  at  60.79  Hz,  the  base  circuit  of  Figure  14.8  reduces  the  power  gain  of  the 
amplifier  by  3  dB. 

Practice  Problem  14.8 

A  BJT  amplifier  has  values  of  R\  =  56  kfl,  R2  =  5.6  kfl.  Rs  =  1  kfl,  Ccl  =  1  |xF, 
and  hie  =  5  kfl.  Determine  the  value  of flB  for  the  circuit. 


The  collector  circuit  of  the  BJT  amplifier  works  according  to  the  same  principle  as  the 
base  circuit.  When  the  reactance  of  the  output  coupling  capacitor  is  equal  to  the  total 
series  resistance  in  the  collector  circuit  (Rc  +  Rl)>  the  output  voltage  is  reduced  to  0.707 
times  its  midband  value.  Again,  the  value  of  Av  has  then  been  effectively  reduced  to 

0.707Av(mid). 
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It  should  come  as  no  surprise  that  the  equation  for  the  cutoff  frequency  of  the  collector 
circuit  is  very  similar  to  that  for  the  base  circuit.  The  actual  equation  is  as  follows: 


Ac 


l 


2tt(/?c  +  RL)C 


(14.13) 


where  Ac~  the  lower  cutoff  frequency  of  the  collector  circuit 
(Rc  +  Rl)  =  the  sum  of  the  resistances  in  the  collector  circuit 
C  =  the  value  of  the  output  coupling  capacitor 

Example  14.9  demonstrates  the  use  of  this  equation. 


EXAMPLE  14.9 


Determine  the  value  of/lc  for  the  circuit  shown  in  Figure  14.8. 

Solution:  Using  the  values  shown  in  the  figure,  the  value  of flc  is  found  as 


fic  ~ 


1 


1 


1 


2tt(Rc  +  Rl)C  2tt(6.5  kfl)(0.22  p.F)  8.984  X  10" 


Hz  =  111.3  Hz 


Practice  Problem  14.9 

The  circuit  described  in  Practice  Problem  14.8  has  values  of  Rc  =  3.6  kfl,  R,  = 
1.5  kfl,  and  Cc2  =  2.2  jxF.  Determine  the  value  of /1C  for  the  circuit. 


In  Examples  14.8  and  14.9,  we  got  values  of  flB  =  60.79  Hz  and  /1C  =  111.3  Hz  for 
the  amplifier  in  Figure  14.8.  Based  on  these  two  values,  what  is  the  cutoff  frequency  for 
the  amplifier?  If  you  said  111.3  Hz,  you  were  right.  An  amplifier  cuts  off  at  the  frequency 
closest  to/0  Thus,  for  low-frequency  response,  the  amplifier  cuts  off  at  the  highest  calcu¬ 
lated  value  of/cl. 

Before  deriving  the  equation  for  the  emitter  cutoff  frequency,  we  need  to  refer  to  some 
relationships  established  in  Chapter  10.  These  were 


(14.14) 


Remember: 

hfC  hfe  I  1 


where 


R[tt  =  R1\\R2\\Rs 


In  equation  (14.14),  the  output  resistance  of  the  amplifier  is  considered  to  be  the 
parallel  combination  of  RE  and  (r'e+ R[n/hfc).  Under  normal  circumstances,  the  value  of 
Re  is  much  greater  than  the  value  of  (r'e  +  R'm/hfc).  Therefore,  we  can  approximate  the 
total  ac  resistance  in  the  emitter  circuit  as 


Using  this  value,  the  value  of  flE  is  found  as 


A  E 


1 

2'ir/CutC;- 


(14.15) 


(14.16) 


The  following  example  demonstrates  the  use  of  this  equation. 
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EXAMPLE  14.10 


Determine  the  value  of/, E  for  the  circuit  shown  in  Figure  14.8. 
Solution:  First,  the  value  of  Rout  is  found  as 


RL  4.7kfl||l8k0||6000  „  „ 

Roat  =  r'e  +  —  =  22(1  + - "  2Q1 . 11 - =  2211  +  2.570  =  24.570 


Now,  the  value  of/1£  can  be  found  as 


flE 


1 


1 


1 


2 TxRomCE  2^(24.57  fl)(10  jiF)  1.544  X10“ 


Hz  =  647.8  Hz 


Practice  Problem  14.10 

The  amplifier  described  in  Practice  Problems  14.8  and  14.9  has  values  of  hfe  =  200, 
Re=  1.3  kfl,  and  CE=  100  p,F.  Determine  the  value  of/1£  for  the  circuit. 


At  this  point,  what  would  you  say  is  the  value  of  /C1  for  the  circuit  shown  in  Figure 
14.8?  Would  you  say  647.8  Hz?  Good! 

14.2.2  Gain  Roll-Off 

OBJECTIVE  6  ►  The  term  roll-off  rate  is  used  to  describe  the  rate  at  which  the  voltage  gain  of  an  ampli¬ 
fier  (in  dB)  drops  off  after  /C1  or  fC2  has  been  passed.  The  low-frequency  roll-off  for  the 
common-emitter  amplifier  is  calculated  using  the  following  equation: 


where/  =  the  frequency  of  operation 

fCi  =  the  lower  cutoff  frequency  of  the  amplifier 

The  derivation  of  equation  (14.17)  is  shown  in  Appendix  D. 

Before  we  get  involved  in  any  calculations,  one  point  needs  to  be  made  about  equation 
(14.17):  Equation  (14.17)  is  used  to  determine  the  change  in  voltage  gain.  For  example,  if 
equation  (14.17)  yields  a  result  of  -3  dB  at  a  given  frequency  (/),  this  means  that  Av(dB) 
is  3  dB  lower  than  its  midband  value  at  that  frequency.  The  following  example  serves  to 
illustrate  this  point. 


AAV  =  20  log 


Vl+(/ci//)2 


(14.17) 


Roll-off  rate 

The  rate  of  gain  reduction  for  a 
circuit  when  operated  beyond 
its  cutoff  frequencies. 


EXAMPLE  14.11 _ 

An  amplifier  has  values  of  Av(mid)  =  45  dB  and/cl  =  2  kHz.  What  is  the  gain  of  the 
amplifier  when  it  is  operated  at  500  Hz? 

Solution:  The  change  inAv  is  found  using  equation  (14.17)  as  follows: 


AA„  =  20  log 


1 


Vl  +  (/c,//): 

=  20  log  (0.2425)  =  -12.3  dB 


20  log  .  1  .  =  =  20  log  r— 

VI  +  (2000/500)2  '  V 1  +  16 


Now,  the  value  of  A,,(dB)  at  500  Hz  is  found  as 

Av«ib)  =  ^v(mid)  +  AAv  =  45  dB  +  (-12.3  dB)  =  32.7  dB 


Practice  Problem  14.11 

An  amplifier  with  a  gain  of  23  dB  has  a  lower  cutoff  frequency  of  8  kHz.  If  the  cir¬ 
cuit  is  operated  at  4  kHz,  what  is  the  gain  of  the  amplifier? 
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Equation  (14.17)  tells  us  one  very  important  fact  about  the  low-frequency  roll-off  of  an 
amplifier:  The  values  of  R  and  C  in  the  amplifier  have  nothing  to  do  with  the  roll-off  rate  of 
a  given  terminal  circuit.  For  each  terminal  circuit  (base  versus  emitter  versus  collector),  the 
roll-off  rate  is  strictly  a  function  of  the  difference  between /and  /C1.  The  RC  circuit  deter¬ 
mines  the  frequency  at  which  the  roll-off  begins.  However,  once  it  has  begun,  the  values  of 
R  and  C  are  no  longer  significant.  We  can  therefore  conclude  that  all  RC  circuits  roll  off  at 
the  same  rate. 

What  is  the  low-frequency  roll-off  rate?  We  can  determine  this  by  setting  /  to  several 
multiples  of/c,  and  solving  the  equation.  For  example,  when /  =  fci,  A Av  is  found  as 


How  do  the  values  of  R  and  C 


A Av  =  20  log  ■■■;:  1 .  =  -3  db 

Vi  +  i2 


fci 

f 


When  /  =  0.1/C1, 


A Av  =  20  log  "tv.1  be  =  -20  dB 

Vl  +  102 


fa 

f 


=  10 


When/=  0.01/C1, 


A  Ay  —  20  log 


Vl  +  1002 


-40  dB 


fci 

f 


100 


When/=  0.001/C1, 


A  Ay  =  20  log . . -L:.:....:.: . =  -60  dB  ^  =  1000 

Vi  +  iooo2  / 

Do  you  see  a  pattern  here?  Every  time  we  decrease  the  value  of  /  by  a  factor  of  10  (a  I  What  is  the  roll-off  rate  of  an 
decade),  the  gain  of  the  amplifier  drops  another  20  dB.  Therefore,  we  can  state  that  the  „  ,i 

low-frequency  roll-off  for  voltage  gain  is  20  dB/decade.  The  Bode  plot  that  corresponds 
to  this  roll-off  rate  is  shown  in  Figure  14.9. 


hAv 

FIGURE  14.9 

The  Bode  plot  in  Figure  14.9  is  best  explained  in  a  series  of  steps: 

1.  At  fCh  the  change  in  voltage  gain  is  shown  to  be  0  dB.  Lab  Reference:  Gain  roll-off  is 

2.  At  /  =  0.1/C1  (one  decade  down),  the  voltage  gain  of  the  amplifier  is  reduced  by  demonstrated  in  Exercise  20, 

20  dB. 

3.  At  /  =  0.01/C1  (next  decade  down),  the  voltage  gain  of  the  amplifier  is  reduced  by 
another  20  dB.  The  total  value  of  AAV  is  —40  dB. 
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If  the  process  were  to  continue,  the  next  several  decades  would  have  total  AAV  values 
of  -60  dB,  -80  dB,  and  so  on.  At  each  decade  interval,  the  voltage  gain  of  the  circuit 
would  be  20  dB  lower  than  the  previous  decade  interval. 

Let’s  relate  this  to  the  circuit  shown  in  Figure  14.8.  We  determined  that  the  cutoff  fre¬ 
quency  for  the  emitter  circuit  (  f\ E)  was  647.5  Hz.  For  the  sake  of  discussion,  we  will 
make  two  assumptions: 

1.  The  cutoff  frequency  is  600  Hz.  (This  will  simplify  our  frequency  scale.) 

2.  The  emitter  circuit  is  the  only  circuit  that  will  cut  off.  In  other  words,  we  will 
neglect  the  effects  of  the  base  and  collector  circuits.  (You  will  be  shown  very 
shortly  what  happens  when  these  circuits  are  brought  into  the  picture.) 

Figure  14.10  shows  the  Bode  plot  for  the  emitter  circuit  shown  in  Figure  14.8.  The 
cutoff  frequency  is  600  Hz.  One  decade  down  from  this  frequency  is  60  Hz.  At  this  fre¬ 
quency,  the  voltage  gain  of  the  amplifier  is  reduced  by  20  dB,  giving  us  a  total  AAV  of 
-20  dB,  and  so  on. 


0.6  6  60  600 


FIGURE  14.10  The  Bode  plot  for  the  emitter  circuit  of  Figure  14.8. 


If  we  were  to  plot  the  gain  roll-off  for  the  base  circuit  in  Figure  14.8,  the  roll-off  rate 
of  20  dB  per  decade  would  not  be  very  useful.  Since  flB  is  about  60  Hz,  one  or  two 
decades  down  does  not  leave  us  with  a  whole  lot  of  frequency!  It  helps,  then,  to  be  able  to 
determine  the  voltage  gain  roll-off  at  octave  frequency  rates.  The  following  table  shows 
the  A Av  values  associated  with  octave  frequency  intervals.  The  values  shown  were  deter¬ 
mined  by  substituting  the  value  of  ( fci/f )  into  equation  (14.17)  and  solving  for  AAV. 

A  Av 


/ 

fci/f 

(approximate) 

1/2/c, 

2 

-6 

1/4/c, 

4 

-12 

1/8/c, 

8 

-18 

Can  roll-off  rates  be  measured 


The  pattern  here  is  simple.  The  voltage  gain  of  the  circuit  rolls  off  at  a  rate  of  6  dB 
per  octave.  Using  the  6  dB  per  octave  roll-off  rate,  we  can  easily  derive  the  Bode  plot 
for  the  base  circuit  of  Figure  14.8.  This  plot  is  shown  in  Figure  14.1 1.  Note  that  the  AAV 
intervals  are  now  equal  to  6  dB  and  that  the  frequency  is  measured  in  octaves  instead  of 
decades.  Other  than  these  two  points,  the  plot  shown  is  read  in  the  same  manner  as  the 
one  in  Figure  14.10. 

Before  we  go  on  to  look  at  the  effect  of  having  three  cutoff  frequencies  in  an  amplifier 
(/ib>/ic,  and /i#),  let’s  summarize  the  points  that  have  been  made  in  this  section: 


1.  The  low-frequency  roll-off  rate  for  an  RC  circuit  is  20  dB  per  decade.  This  is  equal 
to  a  rate  of  6  dB  per  octave. 
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AAV 

FIGURE  14.11  Roll-off  measured  in  decibels  per  octave. 

2.  The  roll-off  rate  is  independent  of  the  values  of  R  and  C  in  the  circuit.  Thus,  the 
rates  given  in  statement  1  apply  to  all  RC  circuits. 

3.  Equation  (14.17)  can  be  used  to  determine  the  value  of  Av  relative  to  4v(mid)  at  a 
given  frequency,  as  demonstrated  in  Example  14.1 1. 

14.2.3  The  Combined  Effects  of  f1B,  flc,  and  f1E 

You  have  seen  that  a  circuit  like  the  one  shown  in  Figure  14.8  has  three  RC  terminal  cir¬ 
cuits,  each  with  its  own  cutoff  frequency.  Next,  we  will  look  at  what  happens  when  more 
than  one  cutoff  frequency  is  passed.  The  overall  concept  is  easy  to  understand  with  the 
help  of  Figure  14.12.  Here,  we  have  three  separate  RC  circuits,  each  having  the  indicated 
value  of/cl.  The  cutoff  frequencies  were  chosen  at  one-decade  intervals,  which  simplifies 
a  complex  analysis. 

In  Figure  14.12a,  the  input  frequency  is  shown  to  be  500  Hz.  Since  this  frequency 
is  below  the  value  of  /C1  for  RC{,  the  circuit  is  causing  a  voltage  gain  roll-off  of 
20  dB/decade.  At  this  point,  the  input  frequency  is  still  above  RC2  and  RC3,  so  these  two 
circuits  are  still  operating  at  their  respective  values  of  Av(mid).  Thus,  at  this  point,  the  over¬ 
all  gain  is  dropping  by  20  dB/decade,  the  roll-off  rate  of  RC{. 


fin 


A4v,(totai)  = 


-20  dB/decade 


kAv  =  -20  dB/decade 


(a) 


AA„  =  -20  dB/decade 


\AV  =  -20  dB/decade 
(b) 


•  A/4„(tota|)  =  -40  dB/decade 


fin  =  5  Hz 


.  AC, 


,  RCz  r 

IptOO  Hz 


rc3 

fci  *  10  HZ 


•  AA„(totai)  =  -60  dB/decade 


A Av  =  -20  dB/decade  A Av  =  -20  dB/decade 

(c) 

FIGURE  14.12  The  effect  of  cascaded  RC  circuits  on  roll-off  rates. 


A  A,  =  -20  dB/decade 
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In  Figure  14.12b,  the  input  frequency  has  dropped  to  50  Hz,  and  the  value  of  /C1  for 
RC2  has  also  been  passed.  Now,  we  have  RC,  introducing  a  20  dB/decade  drop  and  RC2 
introducing  a  20  dB/decade  drop.  The  overall  roll-off  is  equal  to  the  sum  of  these  drops, 
40  dB/decade.  This  should  not  seem  strange  to  you.  As  you  recall,  the  total  decibel  gain 
of  a  multistage  circuit  is  equal  to  the  sum  of  the  individual  decibel  gain  values.  The  same 
principle  holds  true  for  roll-off  rates. 

When  the  input  frequency  decreases  to  5  Hz  (Figure  14.12c),  all  three  of  the  RC  cir¬ 
cuits  are  operating  below  their  respective  values  of/cl.  Thus,  all  three  circuits  are  intro¬ 
ducing  a  20  dB/decade  roll-off.  The  sum  of  these  roll-off  rates  is  60  dB/decade. 

The  circuit  action  just  described  is  represented  by  the  Bode  plot  in  Figure  14.13.  As  you 
can  see,  the  roll-off  rate  is  20  dB/decade  for  input  frequencies  between  1  kHz  and  100  Hz. 
When  the  input  frequency  drops  below  100  Hz,  the  roll-off  increases  to  40  dB/decade. 
When  the  input  frequency  drops  below  10  Hz,  the  roll-off  rate  is  shown  to  be  60  dB/ 
decade. 


t\Av 


FIGURE  14.13  The  effects  of  multiple  cutoff  frequencies. 


Now,  let’s  relate  this  principle  to  the  circuit  shown  in  Figure  14.8.  The  low-frequency 
Bode  plot  for  this  circuit  is  shown  in  Figure  14.14.  Note  that  we  are  using  the  more  con¬ 
venient  rate  of  6  dB/octave  in  this  figure.  This  is  acceptable  since  a  roll-off  of  6  dB/octave 
is  equal  to  a  roll-off  of  20  dB/decade.  We  have  also  rounded  off  the  calculated  values  of 
ft B,f ics  and  f\  E  as  shown  in  the  illustration. 

The  value  of  f] E  is  assumed  to  be  600  Hz.  As  the  operating  frequency  drops  below  this 
value,  we  get  a  roll-off  of  6  dB/octave.  This  continues  until  the  120  Hz  cutoff  frequency 
of  the  collector  is  reached.  Once  this  is  reached,  the  roll-off  rate  increases  to  12  dB/ 
octave.  This  rate  continues  until  the  operating  frequency  reaches  the  60  Hz  cutoff  fre¬ 
quency  of  the  base.  At  this  point,  all  three  of  the  terminal  circuits  are  introducing  a  6  dB/ 
octave  drop,  and  the  total  roll-off  rate  is  1 8  dB/octave. 
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60  Hz 


120  Hz 


A  Av 


FIGURE  14.14  The  Low-frequency  Bode  plot  for  the  circuit  shown  in  Figure  14.8. 


14.2.4  A  Practical  Consideration 


The  Bode  plot  represents  the  ideal  amplifier  response  to  a  change  in  frequency.  For  exam¬ 
ple,  the  Bode  plot  in  Figure  14.14  idealizes  the  low-frequency  response  of  the  circuit  in 
Figure  14.8  as  follows: 


1.  It  assumes  that  all  cutoff  frequencies  are  exact.  In  other  words,  there  are  no  resistor 
or  capacitor  tolerances  that  affect  the  actual  cutoff  frequency  values. 

2.  It  assumes  that  each  transistor  terminal  circuit  has  a  0  dB  value  of  A Av  until  the  cut¬ 
off  frequency  is  reached. 

3.  It  assumes  that  roll-off  is  constant  at  the  given  roll-off  rate. 


In  practice,  none  of  these  assumptions  is  entirely  accurate.  Circuit  component  tolerances 
and  stray  capacitance  values  do  affect  the  actual  cutoff  frequencies.  You  will  find  that,  in 
practice,  measured  cutoff  frequencies  vary  from  the  calculated  cutoff  frequencies. 

A  more  practical  description  of  the  circuit  frequency  response  is  as  follows: 


Component  tolerances  affect 


1.  Each  RC  circuit  noticeably  begins  to  reduce  the  gain  of  an  amplifier  at  approxi¬ 
mately  twice  its  value  of/j.  The  gain  of  the  amplifier  is  reduced  by  approximately 
3  dB  by  the  time  the  lower  cutoff  frequency  is  reached. 

2.  The  roll-off  rate  for  a  given  RC  circuit  is  20  dB/decade  (6  dB/octave). 

3.  When  multiple  RC  circuits  are  involved  (as  in  the  BJT  amplifier),  the  effects  of 
each  are  felt  well  before  their  actual  cutoff  frequencies  are  reached. 


Practical  frequency-response 
characteristics. 


How  much  will  these  considerations  affect  the  frequency-response  curve  of  a  given 
amplifier?  Figure  14.15  shows  the  original  Bode  plot  for  the  amplifier  in  Figure  14.8 
and  the  more  realistic  frequency-response  curve.  As  you  can  see,  the  curve  resembles 
the  Bode  plot.  However,  the  combined  effects  of  the  RC  circuits  cause  the  actual  curve 
to  have  more  rounded  turning  points  that  occur  at  higher  frequencies  than  those 
calculated. 

The  Bode  plot  provides  a  means  of  predicting  the  response  of  a  circuit  to  a  change  in 
frequency.  However,  when  we  are  making  these  predictions,  we  need  to  keep  in  mind  that 
they  are  approximations  based  on  assuming  a  number  of  ideal  conditions.  Therefore,  we 
should  not  be  surprised  when  the  percentage  of  error  between  our  predicted  and  measured 
frequency-response  values  approaches  10%  or  20%. 


When  using  Bode  plots,  keep  in 
mind  that  they  provide 
approximate  values.  This  is 
because  they  are  plotted 
assuming  a  number  of  ideal 
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60  Hz  120  Hz 


£lAv 

FIGURE  14.15 


One  point  of  interest:  The  greater  the  separation  between  cutoff  frequencies,  the  closer 
the  actual  frequency-response  curve  comes  to  the  Bode  plot  for  an  amplifier.  For  exam¬ 
ple,  an  amplifier  with  cutoff  frequencies  of  1 0  kHz,  1  kHz,  and  1 0  Hz  has  a  frequency- 
response  curve  that  is  closer  to  the  ideal  (the  Bode  plot)  than  an  amplifier  with  cutoff  fre¬ 
quencies  of  10,  5,  and  1  kHz.  A  demonstration  of  this  concept  is  included  as  a  “Pushing 
the  Envelope”  problem  at  the  end  of  the  chapter. 


14.2.5  BJT  Amplifier  High-Frequency  Response 


How  do  fa  calculations  differ 
fmm/c,palculat,q^?_- _ * 


In  many  ways,  the  high-frequency  operation  of  the  BJT  amplifier  is  similar  to  its  low- 
frequency  operation.  You  have  a  cutoff  frequency  for  each  terminal  circuit.  Once  a  given 
value  of  fc2  is  passed,  the  circuit  cuts  off  and  introduces  a  roll-off  rate  that  is  approxi¬ 
mately  equal  to  20  dB/decade  (6  dB/octave). 

The  primary  differences  between  low-frequency  and  high-frequency  responses  are  as 
follows: 

1.  The  values  of  capacitance  used  in/c2  calculations. 

2.  The  methods  used  to  determine  the  total  resistance  in  each  terminal  circuit. 


These  differences  will  now  be  discussed  in  detail. 


14.2.6  BJT  Internal  Capacitance 

You  may  recall  from  Chapter  2  that  a  pn  junction  has  some  measurable  amount  of  capaci¬ 
tance.  Since  the  BJT  has  two  internal  pn  junctions,  it  has  two  internal  capacitances,  as 
shown  in  Figure  14.16a.  As  you  will  be  shown  in  this  section,  these  internal  capacitances 
control  the  high-frequency  response  of  the  device. 
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(a)  A  BJT  and  its  ac  equivalent  circuit 


FIGURE  14.16  BJT  internal  capacitance. 


(b)  Representing  BJT  capacitance  in  the  amplifier 
equivalent  circuit 


The  capacitance  of  the  collector-base  junction  ( Cbc )  is  usually  listed  on  the  spec  sheet 
for  a  given  transistor.  Note  that  it  may  be  identified  as  collector-base  capacitance  or  out¬ 
put  capacitance  and  may  be  labeled  as  Cbc,  Cout,  Cob,  or  Cobo.  For  example,  the  2N3904 
spec  sheet  (Figure  7.17)  lists  an  output  capacitance  rating  of  Cobo  =  4  pF. 

The  value  of  Cbc  may  or  may  not  be  listed  on  a  transistor’s  spec  sheet.  When  it  is 
listed,  it  is  generally  identified  as  base-emitter  junction  capacitance,  base  input  capaci¬ 
tance,  or  input  capacitance  and  may  be  labeled  as  Cbe,  Cin,  Cb,  Cib,  or  Cibo.  For  example, 
the  2N3904  spec  sheet  (Figure  7.17)  lists  an  input  capacitance  rating  of  Cibo  =  8  pF. 
When  the  value  of  Cbe  is  not  listed  on  a  transistor’s  spec  sheet,  its  value  can  be  approxi¬ 
mated  as 


(14.18) 


where  fT  is  the  current  gain-bandwidth  product  of  the  transistor,  as  listed  on  the  spec 
sheet.  The  current  gain-bandwidth  product  of  a  transistor  is  the  frequency  at  which  Cbe 
has  a  low  enough  reactance  to  cause  the  transistor  current  gain  to  drop  to  unity.  Example 
14.12  demonstrates  the  use  of  equation  (14.18)  in  determining  the  value  of  Cbe. 


Current  gain-bandwidth 
product 

The  frequency  at  which  BJT 
current  gain  drops  to  unity. 


EXAMPLE  14.12 _ 

The  spec  sheet  for  the  2N3904  lists  a  value  of fT  =  300  MHz  at  lc—  10  mA.  Deter¬ 
mine  the  value  of  Cbe  at  this  current. 

Solution:  Using  values  obtained  from  the  2N3904  operating  curves,  we  can  deter¬ 
mine  the  value  of  r'e  to  equal  2.9  Cl.  Using  this  value  in  equation  (14.18),  we  can 
approximate  the  value  of  Cbe  as 

Cbe  =  2-it fTr'e  =  2ir(300MHz)(2.9  O)  =  183  pF 


Practice  Problem  14.12 

A  transistor  has  a  current  gain-bandwidth  product  of  fT  =  200  MHz,  hie  =  650  SI, 
and  hfe  =  250  at  Ic  =  10  mA.  Determine  the  value  of  Cbe  for  the  device. 


The  value  of  r'e  used  in  this 
example  was  found  using 


The  operating  curves  for  the 
2N3904  (not  shown)  provide  the 
following  values  at  lc  =  10  mA: 


As  you  can  see,  the  value  of  Cbe  =  183  pF  in  the  example  is  significantly  different 
from  the  spec  sheet  rating  of  8  pF.  The  difference  between  the  two  values  is  due  to  the 
fact  that  they  were  determined  for  two  different  values  of  IE.  The  spec  sheet  rating  indi- 


Section  14.2  BJT  Amplifier  Frequency  Response 


569 


cates  that  Cbe  is  no  greater  than  8  pF  when  /,,  =  0  mA.  However,  as  IE  changes,  so  do  both 
the  value  of  r'e  and  the  width  of  the  base-emitter  junction,  as  shown  in  the  following  table. 

IE  r'  Junction  Width 

Increase  Decrease  Decrease 

Decrease  Increase  Increase 

Since  the  value  of  Cbe  is  inversely  proportional  to  the  width  of  the  emitter-base  junc¬ 
tion,  it  varies  directly  with  variations  in  IE.  In  other  words,  as  IE  increases,  so  does  Che.  As 
IE  decreases,  so  does  Cbe- 

So  which  value  of  Cbe  do  you  use  for  a  given  circuit,  the  calculated  value  or  the  spec 
sheet  value?  In  most  cases,  you  should  use  the  calculated  value  of  Cbe  because  it  provides 
much  more  accurate  results  in  later  calculations.  However,  remember  that  even  the  calcu¬ 
lated  value  of  Cbe  is  only  an  approximate  figure.  Since  the  calculation  of  r'e  is  only  an 
approximation,  the  value  obtained  by  using  equation  (14.18)  is  an  approximation.  How¬ 
ever,  in  most  cases,  this  approximated  value  of  Cbe  is  much  closer  to  the  actual  emitter- 
base  capacitance  than  the  spec  sheet  rating. 

OBJECTIVE  7  ►  Why  have  we  ignored  these  capacitance  values  until  now?  As  you  can  see,  Cbe  and 
Cbc  have  very  low  values.  Because  of  this,  their  low-frequency  reactance  is  extremely 
high.  For  example,  the  reactance  of  Cbc  (in  Figure  14.16b)  is  approximately  3.98  Mil 
at  /  =  10  kHz.  This  reactance  is  so  high  that  it  can  be  considered  to  be  open  for  all 
practical  purposes,  but  what  happens  when  the  operating  frequency  of  the  transistor 
increases?  Since  reactance  is  inversely  proportional  to  frequency  for  a  given  capacitor, 
the  value  of  Xc  for  Cbc  decreases.  At  100  MHz,  the  reactance  of  Cbc  is  398  O.  This 
reactance  cannot  be  ignored  because  it  will  have  a  significant  impact  on  the  operation 
of  the  transistor. 

14.2.7  Miller's  Theorem 

OBJECTIVE  8  ►  Before  we  can  get  on  to  some  actual  circuit  calculations,  we  have  to  solve  one  more  prob¬ 
lem  that  involves  the  value  of  Cbc.  As  you  saw  in  Figure  14.16,  Cbc  is  the  capacitance 
between  the  collector  and  base  terminals.  We  can  represent  this  capacitance  as  shown  in 
Figure  14.17. 


(a)  (b) 

FIGURE  14.17  Miller  equivalent  circuit  for  a  feedback  capacitor. 


In  Figure  14.17a,  the  transistor  has  been  shown  as  a  block  having  a  certain  value  of 
voltage  gain,  Av.  Since  Cbc  exists  between  the  collector  and  base  terminals,  it  is  shown  as 
an  external  capacitor.  The  question  now  is  this:  Is  Cbc  part  of  the  input  (base)  circuit  or 
part  of  the  output  (collector)  circuit?  The  answer  is:  both. 

Miller’s  theorem  allows  Cbc  to  be  represented  as  two  capacitors,  one  in  the  base 
circuit  and  one  in  the  collector  circuit.  These  two  capacitors  are  shown  in  Figure  14.17b. 
For  this  circuit,  the  Miller  input  capacitance  is  given  as 

CjaCMj  =  CbtiAy  +1) 
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(14.19) 


(14.22) 


Note  that  the  above  equations  can  be  used  whenever  the  value  of  Av  is  greater  than  10. 

So,  why  use  Miller’s  theorem?  The  feedback  capacitor  shown  in  Figure  14.17a  can 
make  circuit  calculations  extremely  complex.  A  much  simpler  approach  is  to  represent 
Cbc  as  two  separate  capacitors.  This  way,  one  of  the  capacitors  is  used  strictly  for  input 
(base)  circuit  calculations,  and  the  other  is  used  strictly  for  output  (collector)  circuit  cal¬ 
culations.  Example  14.13  demonstrates  the  method  for  determining  the  Miller  input 
and  output  capacitance  values  for  a  given  amplifier.  After  the  Miller  capacitance  values 
are  determined,  we  are  ready  to  determine  its  upper  cutoff  frequencies. 


EXAMPLE  14.13 _ 

Determine  the  Miller  input  and  output  capacitance  values  for  the  circuit  shown  in 
Figure  14.18a. 


(a)  (b) 

FIGURE  14.18 


Solution:  The  Miller  input  capacitance  is  determined  as 

Cm(M)  =  AvCbc  =  (120)(6  pF)  =  720  pF 
The  Miller  output  capacitance  is  determined  as 

CoutcM)  —  Cbc  =  6  pF 

Using  the  calculated  values  of  Cin(M)  and  Cout(M),  we  can  redraw  the  circuit  as 
shown  in  Figure  14.18b. 

Practice  Problem  14.13 

A  BJT  with  a  value  of  Cbc  =  4  pF  is  used  in  an  amplifier  that  has  a  value  of  Av  = 
240.  Determine  the  Miller  input  and  output  equivalent  capacitances  for  Cbc. 
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14.2.8  High-Frequency  Response 

When  we  discussed  the  low-frequency  response  of  the  common-emitter  amplifier,  you 
were  shown  that  the  value  of  /C1  depends  on  the  various  values  of  circuit  resistance  and 
capacitance.  The  same  holds  true  for  the  value  of/C2. 

The  high-frequency  equivalent  circuit  for  the  common-emitter  amplifier  is  shown  in 
Figure  14.19.  We  will  reduce  this  circuit  to  its  simplest  RC  equivalent  so  that  you  will  see 
why  the  values  of  R  and  C  are  combined  as  they  are.  First,  there  is  one  value  that  requires 
explanation:  CL  is  the  load  capacitance.  If  the  amplifier  is  driving  another  amplifier  stage, 
CL  equals  the  high-frequency  input  capacitance  of  the  load  stage.  This  point  is  discussed 
further  in  our  coverage  of  multistage  circuits.  (At  this  point,  we  will  simply  assume  a 
value  of  CL  for  any  example  problems.) 


A  Practical  Consideration: 

The  value  of  CL  in  the  collector 
circuit  of  Figure  14.19  assumes 
that  the  amplifier  load  has 
some  amount  of  capacitance.  If 
the  load  is  purely  resistive,  Ct 
is  zero,  and  the  total 
capacitance  in  the  output  circuit 


Cbc 


FIGURE  14.19  BJT  high-frequency  ac  equivalent  circuit. 

The  equivalent  circuit  in  Figure  14.19b  was  derived  by  performing  two  steps: 

1.  The  collector-base  capacitor,  Cbc,  was  replaced  by  its  equivalent  Miller  input  and 
output  capacitors. 

2.  The  source  resistance  ( Rs )  and  the  base  biasing  network  were  combined  into  a 
single  parallel  equivalent  resistance, 

Now,  we  will  simplify  the  circuit  further  by  taking  three  additional  steps.  As  Figure 
14.19c  shows: 

3.  The  parallel  capacitors  in  the  base  circuit,  Cbe  and  Cin(M),  are  combined  into  a  single 
input  capacitance  value. 
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4.  The  two  parallel  capacitors  in  the  collector  circuit,  CL  and  Cout(M),  are  combined 
into  a  single  output  capacitance  value. 

5.  The  transistor  has  been  replaced  to  show  it  as  a  resistance  equal  to  hie,  and  a  current 
source. 

We  can  now  use  this  equivalent  circuit  to  analyze  the  high-frequency  response  of  the  orig-  ◄  OBJECTIVE  9 
inal  amplifier. 

The  upper  cutoff  frequency  ( fc2 )  is  determined  using  the  same  basic  equation  we  used 
to  determine  /C1: 

~  2-uRC 


For  the  base  circuit,  R  is  the  parallel  combination  of  R'm  and  hje.  Also,  C  is  the  combina¬ 
tion  of  Cbe  and  Ci„(M)-  Thus,  for  the  base  circuit, 


fw  ~ 


2i r(/?'in  ||  hie)(Che  +  Cin(M)) 


(14.23) 


where  R'm  =  Rs  ||  Rx  ||  R2 

hie  =  the  base  input  impedance  to  the  transistor 
Cbe  =  the  base-emitter  junction  capacitance 
Cjn(M)  =  the  Miller  input  capacitance 


Example  14.14  demonstrates  the  process  for  determining  the  upper  cutoff  frequency  for 
the  base  circuit. 


EXAMPLE  14.14 _ 

Determine  the  value  of  f2B  for  the  amplifier  shown  in  Figure  14.20. 


Solution:  The  first  step  is  to  determine  the  value  of  Av  for  the  amplifier  as  follows: 

Vc  (150X4-  kO) 


At 


200 


h^-yy^-  am. 

The  value  of  Av  is  now  used  (along  with  Cbc)  to  determine  the  value  of  Cin(M): 

Cm M)  =  AvCk  =  (200)(6  pF)  =  1.2  nF 
The  value  of  R'ia  is  found  as 

R\n  =  Rs\  Rl  1(  =  333  O 
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Now  that  we  have  all  the  needed  values  of  resistance  and  capacitance,  we  can  find 
the  value  of  f2B  for  the  circuit  as  follows: 


2ir (R;a  ||  hie)(Che  +  Cin(M))  2tt(333  fl  ||  3  kfl)(12  pF  +  1.2  nF) 
2tt(300  OK1.212  nF)  2.285  X  1(T6  HZ  ~  437,72  ^ 


Practice  Problem  14.14 

An  amplifier  has  values  of  Rx  =  56  kO,  R2  =  5.6  kO,  Rs  =  1  kO,  Rc  =  3.6  kO,  RL  = 
1.5  kO,  hJe  =  200,  hie  =  5  kO,/r  =  300  MHz  at  Ic  =  10  mA,  and  Cbc  =  4  pF. 
Determine  the  value  of f2B  for  the  circuit. 


For  the  collector  circuit,  the  value  of  R  is  equal  to  rc,  and  C  is  the  combination  of  CL  and 
Cout(M).  Thus,  for  the  collector  circuit, 


ftC  ~ 


1 


2nrc(Cout(M)  +  CL) 


(14.24) 


The  following  example  demonstrates  the  use  of  this  equation. 


EXAMPLE  14.15 


Determine  the  value  of/2Cfor  the  circuit  shown  in  Figure  14.20. 

Solution:  Since  the  value  of  A,,  10,  the  value  of  Com(M)  is  approximately  equal 

to  Cbc.  Thus, 

FniU  M )  6  pF 

Since  the  other  circuit  values  are  already  known,  we  can  proceed  to  find/2Cas  follows: 


he  = 


1 


1 


2'trrc(Cou,(M)  4*  Cj) 

1 


1.825  X  10" 


Hz 


2ir(4  kfl)(6  pF  +  720  pF) 

54.8  kHz 


Practice  Problem  14.15 

What  is  the  value  of  /2Cfor  the  amplifier  described  in  Practice  Problem  14.14? 
(Assume  that  the  load  is  purely  resistive.) 


14.2.9  Gain  Roll-Off 

The  high-frequency  gain  roll-off  is  found  in  the  same  manner  as  the  low-frequency  gain 
roll-off.  The  exact  equation  is 

lSAv  =  20  log  . y -}■-  ■.■■■:.=  (14.25) 

Vi  +  (///C2)2 


As  you  can  see  from  equation  (14.25),  the  gain  roll-off  for  the  high-frequency  circuit  is 
also  independent  of  the  values  of  R  and  C.  We  can  use  equation  (14.25)  to  determine  the 
high-frequency  roll-off  in  dB  per  decade  as  follows.  When  /  =  fc2, 

A Av  =  20  log  -  - 7=L=r  =  -3  dB 
VI  +  l2 


574 


Chapter  14  Amplifier  Frequency  Response 


When/=  10/C2, 


AA„  =  20  log  1  ■=  =  -20  dB 
VI  +  102 

When  /=  100/C2, 

A Av  =  20  log  .  1  .^=  =  -40  dB 
VI  +  1002 


The  high-frequency  roll-off  of  the  common-emitter  amplifier  is  equal  to  the  low- 
frequency  roll-off,  20  dB/decade.  Similarly,  the  high-frequency  roll-off  can  also  be  com¬ 
puted  as  being  equal  to  6  dB/octave. 

The  high-frequency  operation  of  a  given  common-emitter  amplifier  is  exactly  the  same 
as  the  low-frequency  operation.  The  only  differences  are  the  methods  used  to  determine  fc2. 


14.2.10  Theory  Versus  Practice 

A  wide  variety  of  factors  can  affect  the  frequency  response  of  a  given  amplifier.  Compo¬ 
nent  tolerances,  estimations  of  BJT  internal  capacitances,  and  the  effects  of  test  equip¬ 
ment  input  capacitance  can  cause  the  measured  values  of  fC\  and  /C2  to  vary  significantly 
from  their  predicted  (calculated)  values. 

When  measuring  the  values  of  fcx  and  fC2  for  a  BJT  amplifier,  you  will  find  that  the 
largest  percentage  of  error  will  occur  in  the  fC2  measurements.  There  are  two  reasons 
for  this: 

1.  The  BJT  internal  capacitance  values  are  estimated. 

2.  The  capacitance  values  used  in  fC2  calculations  are  in  the  picofarad  (pF)  range,  as 
are  the  input  capacitance  ratings  of  most  pieces  of  test  equipment.  Thus,  by  con¬ 
necting  the  test  equipment  to  the  circuit,  you  are  significantly  altering  the  total 
capacitance  that  determines  the  value  of/c2. 

When  you  are  predicting  the  values  of /C1  and/C2  for  your  standard  BJT  amplifier,  you 
need  to  keep  in  mind  that  you  are  dealing  with  approximated  values  and,  therefore,  will  get 
results  that  are  approximations.  While  this  may  seem  frustrating,  it  shouldn’t  be.  You  see, 
the  purpose  of  performing  the  frequency  analysis  of  an  amplifier  is  to  ensure  that  the  circuit 
gain  will  not  be  affected  by  the  input  frequency.  For  example,  if  you  want  to  operate  a  given 
amplifier  at  a  frequency  of  50  kHz,  you  want  to  know  that  an  input  frequency  of  50  kHz 
will  not  cause  the  amplifier  gain  to  be  reduced.  Beyond  this  application,  the  exact  values  of 
fCi  and/c2  are  rarely  of  any  consequence  for  standard  /?C-coupled  BJT  amplifiers. 

There  is  one  common  application  where  the  exact  values  of  fC[  and  fc2  are  important. 
This  is  the  case  where  you  are  dealing  with  tuned  amplifiers.  You  may  recall  that  tuned 
amplifiers  are  designed  for  specific  bandwidths.  Since  they  are  designed  for  specific  val¬ 
ues  of/cl  and  fC2,  these  values  are  important  when  you  are  dealing  with  tuned  amplifiers. 
This  point  is  discussed  further  in  Chapter  17. 


A  Practical  Consideration: 
When  you  connect  an 
oscilloscope  or  frequency 
counter  to  the  output  of  an 
amplifier,  the  value  of  /2Cwill 
decrease.  The  reason  is  the 
added  input  capacitance  of  the 
particular  piece  of  test 
equipment.  For  example,  if  an 
oscilloscope  has  an  input 
capacitance  of  30  pF,  you  are 
adding  30  pF  when  you  connect 
the  oscilloscope  to  the  output  of 
the  circuit.  This  added  30  pF 
I  may  significantly  reduce  the 

l tee  wa  v  I 


1.  Explain  why  the  power  gain  of  a  given  amplifier  drops  by  50%  when  the  reactance  of  A  Section  Review 
the  input  coupling  capacitor  equals  the  input  resistance  of  the  amplifier. 

2.  Define  the  term  roll-off  rate. 

3.  What  is  the  relationship  between  the  roll-off  rate  for  a  given  RC  circuit  and  the  cir¬ 
cuit  values  of  R  and  C?  Explain  your  answer. 

4.  What  are  the  standard  low-frequency  roll-off  rates? 

5.  Describe  the  BJT  amplifier  low-frequency  Bode  plot. 

6.  Contrast  the  Bode  plot  with  the  actual  low-frequency  response  curve  of  a  BJT  amplifier. 

7.  What  are  the  primary  differences  between  BJT  fcl  and/C2  calculations? 
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8.  Why  aren’t  the  BJT  internal  capacitances  considered  in  the  low-frequency  analysis  of 
a  given  amplifier? 

9.  What  does  Miller’s  theorem  state?  Why  is  it  used? 

10.  List,  in  order,  the  steps  taken  to  perform  the  high-frequency  analysis  of  a  BJT  amplifier. 

11.  Compare  high-frequency  roll-off  rates  to  low-frequency  roll-off  rates. 

12.  Explain  why  fC2  measurements  tend  to  have  larger  percentage  of  error  values  than/cl 
measurements. 


14.3  FET  Amplifier  Frequency  Response 


The  transition  from  BJT  circuits  to  FET  circuits  is  actually  very  simple.  All  we  have  to  do 
is  come  up  with  the  equations  for /C1  and/C2  for  a  given  FET  amplifier.  Everything  else  is 
identical  to  what  we  have  been  doing  up  to  this  point. 

In  this  section,  we  will  concentrate  on  the  voltage-divider  biased  common-source  ampli¬ 
fier.  This  circuit,  along  with  its  low-frequency  ac  equivalent,  is  shown  in  Figure  14.21. 


Rs 

_ AAA. _ ^ 

1 

VVV  ) 

vin 


An  Important  Point: 

The  value  of  Rs  in  equation 


Wmm 


FIGURE  14.21  FET  amplifier  low-frequency  ac  equivalent  circuit. 

14.3.1  Low-Frequency  Response 

OBJECTIVE  1 1  ►  As  you  can  see,  there  is  very  little  difference  between  the  FET  amplifier  and  the  BJT 
amplifier  as  far  as  the  low-frequency  equivalent  circuit  is  concerned.  In  fact,  the  gate 
and  drain  cutoff  frequency  equations  are  nearly  identical  to  those  used  for  the  BJT 
amplifier.  Thus, 


f  = _ i _ 

2Tt(Rs  +  Rm)Ccl 


(14.26) 
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and 


(14.27) 


Because  of  the  extremely  high  input  impedance  of  the  FET,  the  value  of  R,n  for  the  ampli¬ 
fier  is  found  as 

(14-28) 

As  Example  14.16  shows,  the  high  input  impedance  of  the  FET  means  that  the  FET  ampli¬ 
fier  normally  has  a  much  lower  input  cutoff  frequency  than  that  of  a  similar  BJT  amplifier. 

EXAMPLE  14.16  _ 

Determine  which  of  the  two  circuits  shown  in  Figure  14.22  has  the  lower  input  cir¬ 
cuit  cutoff  frequency. 


FIGURE  14.22 


(b) 


Solution:  Figure  14.22a  is  the  ac  circuit  that  we  analyzed  in  Example  14.8.  At 
that  point,  we  determined  the  value  of  f\  B  for  the  circuit  to  be  60.79  Hz  (review 
Example  14.8  if  necessary). 

The  circuit  in  Figure  14.22b  is  identical  to  the  one  in  Figure  14.22a,  except  that  the 
BJT  has  been  replaced  by  an  FET.  Because  of  the  high  input  impedance  of  the  FET, 

Rin  =  Ri  II  Rz  =  18  kfl  II  4.7  kO  =  3727  (l 


Using  this  value  for  Rm,  the  value  of  /1G  is  found  as 


flG  2tt(Rs  +  Rm)CC\  2tt(4327  0)(1  p,F)  36'78  Hz 


Thus,  by  replacing  the  BJT  with  an  FET,  we  have  decreased  the  value  of  for  the 
input  circuit  by  nearly  50%. 


In  practice,  FET  amplifiers  tend  to  use  higher-value  biasing  resistors  than  do  BJT 
amplifiers.  As  Example  14.17  demonstrates,  this  has  the  effect  of  lowering  the  value  of 
/1G  even  more. 
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EXAMPLE  14.17 


Determine  the  value  of/1Gfor  the  amplifier  shown  in  Figure  14.23. 


FIGURE  14.23 


Solution:  For  this  circuit, 

|[  /?2  =  18  Mil  ||  4.7  MU  =  3.727  Mil 


Using  this  value  of  Rm,  the  gate  cutoff  frequency  is  found  as 


flG  - 


1 


1 


2tt(Rs  +  Rm)Ca  2tt  (3.' Ill  Mft)(l  pF) 


0.043  Hz 


Practice  Problem  14.17 

An  FET  amplifier  has  values  of  Rx  =  R2  =  10  Mil,  Rs  =  100  ft,  and  Ccl  =  3.3  |iF. 
Determine  the  value  of/1G  for  the  circuit. 


The  low-frequency  analysis  of  the  drain  circuit  is  just  like  that  for  the  collector  circuit 
of  a  BJT  amplifier.  For  this  reason,  it  needs  no  further  explanation.  The  entire  low- 
frequency  analysis  of  a  basic  FET  amplifier  is  demonstrated  in  Example  14.18. 

EXAMPLE  14.18  _ 

Determine  the  overall  value  of/c,  for  the  circuit  shown  in  Figure  14.24. 


+20  V 


FIGURE  14.24 


Solution:  The  input  resistance  to  the  amplifier  is  found  as 


Rin  =  Ri  II  Ri  =  1.5  Mft  1  650  kft  =  453.5  kft 
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Now,/1G  is  found  as 


1 


1 


2tt  (Rs  +  Rin)Ccl  2  ir  (454.5  kfl)(0.0l  |xF) 


35  Hz 


The  value  of  fw  is  found  as 


J\u  ~ 


2t t(Rd  +  Rl)Cci  2tt(15  kfl)(0.1  jxF) 


=  106  Hz 


Practice  Problem  14.18 

An  FET  amplifier  has  values  of  Rx  =  10  Mfl,  R2  =  1  Mfi,  RD  =  1.1  kft,  Rs  =  820  H, 
Rl  =  5  kfl,  Ccl  =  0.01  |xF,  Ca  =  0.1  (xF,  and  gm  =  2200  jxS.  Determine  the  over¬ 
all  value  of/cl  for  the  amplifier. 


The  value  of/cl  for  the  amplifier  is  assumed  to  be  106  Hz,  the  higher  of  the  two 
cutoff  frequencies.  Just  as  with  the  BJT  amplifier,  the  gain  is  reduced  by  3  dB  as  the 
operating  frequency  decreases  to  106  Hz.  At  this  point,  the  gain  continues  to  drop 
(with  a  continual  decrease  in  frequency)  at  a  rate  of  6  dB/octave  until  35  Hz  is 
reached.  Then,  the  roll-off  rate  increases  to  12  dB/octave ,  exactly  the  same  as  with  the 
BJT  amplifier. 

You  may  be  wondering  why  we  aren’t  considering  the  cutoff  frequency  of  the  source 
circuit  in  our  analysis.  There  are  two  reasons: 

1.  Determining  the  cutoff  frequency  of  the  source  circuit  is  an  extremely  complex 
procedure. 

2.  The  lower  cutoff  frequency  of  the  source  circuit  is  much  lower  than  the  values  of 
/1G  and/1D  under  normal  circumstances.  Therefore,  its  value  has  little  impact  on  the 
low-frequency  analysis  of  the  amplifier. 

Since  the  lower  cutoff  frequency  of  the  source  circuit  does  not  affect  the  value  of  fC\  for 
the  amplifier,  we  will  consider  our  analysis  complete  with  finding  the  values  of /,G  and  fw. 

14.3.2  High-Frequency  Response 

The  high-frequency  response  of  the  FET  is  limited  by  values  of  internal  capacitance,  <  OBJECTIVE  12 

just  as  for  the  BJT.  These  capacitances  are  shown  in  Figure  14.25.  As  you  can  see,  we 

again  have  a  situation  very  similar  to  that  of  the  BJT.  There  is  a  measurable  amount  of 

capacitance  between  each  terminal  pair  of  the  FET.  These  capacitances  each  have  a 

reactance  that  decreases  as  frequency  increases.  As  the  reactance  of  a  given  terminal 

capacitance  decreases,  more  and  more  of  the  signal  at  the  terminal  is  shorted  through 

the  component. 


D 

9 


Cgd 

Mb- 


CgS 

O 


s 

FIGURE  14.25  FET  internal  capacitances. 
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The  high-frequency  equivalent  circuit  of  the  basic  FET  amplifier  is  analyzed  in  the 
same  fashion  as  the  BJT  amplifier.  The  high-frequency  equivalent  for  the  amplifier  in 
Figure  14.21a  is  shown  in  Figure  14.26.  As  you  can  see,  all  the  terminal  capacitance  val¬ 
ues  are  included,  with  the  exception  of  Cgj.  This  capacitor  has  been  replaced  with  the 
Miller  equivalent  input  and  output  capacitance  values.  (This  is  the  same  thing  that  we  did 
with  Chc  in  the  BJT  amplifier.) 


FIGURE  14.26  FET  amplifier  high-frequency  ac  equivalent  circuit. 


The  value  of  Cin(M)  is  found  using  a  form  of  equation  (14.19)  as  follows: 

f'in(M)  ~  Cg^(Av  +  1) 


A  Practical  Consideration: 
When  the  value  of  gmrD  for  the 
amplifier  is  greater  than  (or 
equal  to)  10,  equation  (14.29) 
can  be  simplified  to: 

f'in(M)  =  Cgd8mrD 


Since  the  value  of  Av  for  the  FET  amplifier  is  equal  to  gmrD,  the  equation  above  can  be 
rewritten  as 


f-in(M)  Cgd(8mrD  “hi)  (14.29) 


The  calculation  of  Cin(M)  is  demonstrated  in  Example  14.19. 


EXAMPLE  14.19 


An  FET  amplifier  has  values  of  Cg(j  =  4pF,  gm  =  2500  p,S,  and  rD  =  5.6  kil. 
Determine  the  value  of  Cin(M)  for  the  amplifier. 

Solution:  The  value  of  Cin(M)  is  found  as 

=  Cgd(gmrD  +  1)  =  (4  pF)[(2500  p,S)(5.6  kfl)  +  1] 

=  (4  pF)(15)  =  60  pF 


Practice  Problem  14.19 

A  given  FET  amplifier  has  values  of  Cg(i  =  3  pF,  gm  =  3200  puS,  and  rD  =  1.8  kfl. 
Determine  the  value  of  Cjn(M)  for  the  circuit. 


Equation  (14.20)  defined  Cout(M)  as  being 

Q)Ut(M) 

If  we  replace  C  with  Cglj ,  and  Av  with  gmrD,  we  obtain  the  following  equation  for  the  FET 
amplifier  value  of  Cout(M): 

gmrD  +  1 

Cou.(M)  =  Cgd  „  r .  04.30) 

&m'D 

Again,  when  gmrD  >  10,  the  equation  for  C0Ut(M)  can  be  simplified  to 

Omt(M)  =  Cgd  (14.31) 


CAV  +  1 
Av 
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From  the  circuit  shown  in  Figure  14.26,  you  can  see  where  the  following  equations  come 
from: 


Ca  —  Cgt  +  CiwMi 

(14.32) 

and 

Co  —  COUI(M)  +  Cds  +  CL 

(14.33) 

where  CL  is  the  input  capacitance  of  the  load.  We  can  now  use  these  values  to  define  the 
values  of/c2  for  the  gate  and  drain  circuits.  These  equations,  which  will  look  very  famil¬ 
iar  at  this  point,  are  as  follows: 

1 

hG  2tt  R\„Cc 

(14.34) 

where 

^in  —  Us  1! 

and 

^2D  2irrDCD 

(14.35) 

Example  14.20  demonstrates  the  process  for  determining  the  upper  cutoff  frequency  for 
an  FET  amplifier. 

EXAMPLE  14.20 _ 

Determine  the  values  of/2G  and  /2C  for  the  amplifier  in  Figure  14.24.  Assume  that 
the  FET  has  values  of  Cgd  =  4  pF,  Cgs  =  5  pF,  and  Cds  =  2  pF.  Also  assume  that  the 
load  capacitance  is  1  pF. 

Solution:  The  first  step  is  to  draw  the  high-frequency  equivalent  of  the  circuit. 
This  equivalent  circuit  is  shown  in  Figure  14.27. 


FIGURE  14.27 


The  value  of  Rm  was  found  by  taking  Rt  in  parallel  with  R2.  Combining  this 
value  with  Rs,  we  obtain  the  total  ac  resistance  in  the  gate  circuit  as  follows: 

*ln  =  *sll*in=  998  ft 

Now,  the  Miller  input  capacitance  is  found  as 

eio(M)  a  Cgd(gmrD  +  1)  =  (4  pF)(  14.32)  =  57.28  pF 
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Using  this  value  of  Cin(M)  and  the  value  of  Cgs,  the  total  gate  circuit  capacitance 
is  found  as 


Cc  =  Cgs  +  Cin(M)  =  5  pF  +  57,28  pF  =  62.28  pF 


We  can  now  use  this  value  along  with  the  value  of  R'in  to  find /2C  as  follows: 

^2°  ~  2tt R[nCG  ~  2tt(998  11X62.28  pF)  256  MHz 

Since  g„,rD  >  10  for  this  circuit,  the  Miller  output  capacitance  is  equal  to  Cgd,  4  pF. 
Combining  this  value  with  Cds  and  CL,  we  get  the  total  capacitance  in  the  drain  circuit 
as  follows: 


Q>  =  C0ut(M)  +  Cds  +  Cjr  =  4  pF  +  2  pF  +  1  pF  =  7  pF 


Using  the  values  of  CD  and  rD,  we  can  find  the  upper  cutoff  frequency  of  the  drain 
circuit  as  follows: 


fin 


1 


1 


2n rDCD  2tt(333  kfi)(7  pF) 


=  6.83  MHz 


Practice  Problem  14.20 

The  amplifier  described  in  Practice  Problem  14.18  has  values  of  Cgd  =  4  pF,  Cgs  = 
5  pF,  and  Cds  =  2  pF.  Determine  the  values  of  f2G  and  f2D  for  the  circuit.  Assume  a 
load  capacitance  of  0  F. 


Since  the  value  of/2Gis  lower  than  f2D,  the  gate  circuit  determines  the  overall  value  of 
fc2  for  the  amplifier.  Thus,  the  upper  cutoff  frequency  is  2.56  MHz.  If  the  input  frequency 
reaches  this  value,  the  value  of  Av  will  be  3  dB  lower  than  Also,  further  increases 

in  input  frequency  cause  the  value  of  Av  to  continue  to  drop  at  a  rate  of  6  dB/octave  until 
6.83  MHz  is  reached.  If  the  input  frequency  continues  to  increase,  the  value  of  Av  drops  at 
a  rate  of  12  dB/octave.  The  Bode  plot  representing  this  frequency  response  is  shown  in 
Figure  14.28. 


FIGURE  14.28 


f(  MHz) 
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14.3.3  Capacitance  Specifications 

The  high-frequency  analysis  of  a  JFET  circuit  is  complicated  slightly  by  the  fact  that  Cds, 
Cgd,  and  Cgs  are  not  commonly  listed  on  JFET  spec  sheets.  Rather,  JFET  spec  sheets  typi¬ 
cally  contain  the  capacitance  ratings  shown  in  Figure  14.29.  The  input  capacitance  (C,„.) 
rating  equals  the  sum  of  Cgs  and  Cgd.  By  formula, 

C,„  =  Cgs  +  Cgd  (14.36) 

As  shown  in  Figure  14.29,  the  2N5486  has  an  input  capacitance  rating  of  Ciss  =  5  pF 
(maximum). 


2N5486 


ELECTRICAL  CHARACTERISTICS  (TA  =  25X  unless  otherwise  no:ed)  (Continued) 


Symbol 

Min  |  Typ 

Max 

Unit 

SMALL-SIGNAL  CHARACTERISTICS  (continued) 

Input  Capacitance 

(VDS  =  15  Vdc,  yGS  =  0,  f=  1 .0  MHz) 

C,ss 

5.0 

pF 

Reverse  Transfer  Capacitance 
{VDS  =  15  Vdc,  VGS  =  0,  /=  1 .0  MHz) 

Crss 

— 

— 

1.0 

pF 

Output  Capacitance 
(VDS=  15  Vdc,  VGS  =  0,  f=  1 .0  MHz) 

Coss 

— 

— 

2.0 

PF 

FIGURE  14.29  2N5486  capacitance  ratings.  (Copyright  of  Semiconductor  Component 
Industries,  LLC.  Used  by  permission.) 

The  output  capacitance  (Coss)  rating  equals  the  sum  of  Cds  and  Cgd-  By  formula, 

Coss=Cds  +  Cgd  (14.37) 

As  shown  in  Figure  14.29,  the  2N5486  has  an  output  capacitance  rating  of  Coss  =  2  pF 
(maximum).  Finally,  the  reverse  transfer  capacitance  (C,,,v)  rating  equals  Cgd-  By  formula, 

Crss=Cgd  (14.38) 

As  shown  in  Figure  14.29,  the  2N5486  has  an  reverse  transfer  capacitance  rating  of 
Crss  —  1  pF  (maximum).  Equations  (14.36),  (14.37),  and  (14.38)  can  be  combined  to 
derive  the  following  useful  relationships: 

Cgd=  C„  (14.39) 

mmc~  (i4,4o) 

and 

<  ,,  -  Ci„  -  Cm  (14.41) 

Example  14.21  demonstrates  the  use  of  these  equations. 

EXAMPLE  14.21 _ 

Using  the  ratings  shown  in  Figure  14.29,  calculate  the  values  of  Cds,  Cgd,  and  Cgs 
for  the  2N5486. 

Solution:  The  gate-drain  capacitance  is  found  as 


Cgd  =  Crss  =  1  pF 
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The  gate-source  capacitance  is  found  as 


cgs  =  ciss  -  C„  =  5  pF  -  1  pF  =  4  pF 

Finally,  the  drain-source  capacitance  is  found  as 

Cds  =  C()SS  -  Crss  =  2  pF  -  1  pF  =  1  pF 

Practice  Problem  14.21 

An  FET  has  values  of  Coss  =  4  pF,  Crss  =  3  pF,  and  C,„  =  12  pF.  Determine  the 
values  of  Cgs,  Cds,  and  Cgd. 


14.3.4  Theory  Versus  Practice 

In  our  discussion  on  BJT  amplifiers,  you  were  shown  that  there  tends  to  be  a  high  per¬ 
centage  of  error  in  the  circuit  fC2  calculations.  For  the  FET  amplifier,  the  largest  percent¬ 
age  of  error  tends  to  show  up  in  the  f2c  calculation.  The  reason  for  this  is  that  gm  is 
involved  in  the  calculation  of  Cin(M). 

In  Chapter  12,  you  were  shown  that  a  JFET  has  two  transconductance  curves  and, 
therefore,  a  range  in  values  of  gm.  The  large  possible  range  in  gm  values  can  cause  a  wide 
range  in  the  value  of  Av  for  the  amplifier.  The  range  of  Av  values  for  an  FET  amplifier  can 
affect  the  calculation  of  Cjn(M)  and,  therefore,  the  calculation  of/2G 

With  the  wide  possible  variation  in  the  value  of/2C,  you  should  not  be  surprised  when 
the  expected  value  of  f2G  is  significantly  lower  (or  higher)  than  the  measured  value. 
Again,  the  exact  value  of  fC2  for  an  amplifier  is  critical  only  when  you  are  dealing  with 
tuned  amplifiers.  In  any  standard  FET  amplifier,  you  are  concerned  only  with  the  approx¬ 
imate  value  of  fC2  for  the  circuit. 


Section  Review  ►  1.  List,  in  order,  the  steps  taken  to  perform  the  low-frequency  analysis  of  an  FET 

amplifier. 

2.  List,  in  order,  the  steps  taken  to  perform  the  high-frequency  analysis  of  an  FET 
amplifier. 

3.  List  the  typical  FET  capacitance  ratings  and  the  equations  used  to  convert  them  into 
usable  terminal  capacitances. 


14.4  Multistage  Amplifiers 


OBJECTIVE  13  ►  When  you  cascade  amplifier  circuits  with  identical  values  of/C2,  the  overall  value  of/C2  is 
found  as 


fc2(T)  ~  fa'/?'”  ~  1 


(14.42) 


where /c2(r)  =  the  overall  value  of/C2  for  the  circuit 

fez  =  the  upper  cutoff  frequency  for  one  stage 
n  =  the  total  number  of  stages 

The  derivation  of  equation  (14.42)  is  included  in  Appendix  D. 

When  you  cascade  several  amplifier  stages,  the  overall  value  of  fC2  is  lower  than  the 
value  of fC2  for  a  single  stage.  This  point  is  illustrated  in  Example  14.22. 
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EXAMPLE  14.22 


Two  amplifier  circuits,  each  having  a  value  of  fC2  =  500  kHz,  are  cascaded.  Deter¬ 
mine  the  overall  value  of/C2  for  the  two-stage  amplifier. 

Solution:  The  overall  value  offC2  is  found  as 

few)  =  /cV^T  =  (500  kHz)  V2 1/2  -  1  =  (500  kHz)(0.643)  -  321.8  kHz 
Practice  Problem  14.22 

Four  amplifier  stages,  each  having  an  upper  cutoff  frequency  of/C2  =  800  kHz,  are 
cascaded.  Determine  the  overall  value  of/C2  for  the  amplifier. 


Most  BJT  and  FET  amplifiers  have  values  of/cl,  as  you  have  seen  in  this  chapter. 
When  a  value  of  fC\  exists  for  identical  cascaded  amplifiers,  the  overall  value  of  fcl 
changes  as  follows: 


,  fa 

fcKn  ~ 


(14.43) 


This  equation  is  also  derived  in  Appendix  D. 

When  you  cascade  several  amplifiers  with  values  of  fcu  the  overall  value  of/cl  is 
higher  than  the  value  of  /C1  for  a  single  stage.  This  point  is  illustrated  in  Example 
14.23. 


EXAMPLE  14.23 


Two  amplifiers  with  values  of  /C1  =  5  kHz  are  cascaded.  Determine  the  overall 
value  of  fcx  for  the  two-stage  amplifier. 

Solution:  The  overall  value  of/Ci  is  found  as 


fci(T)  ~ 


fa  =  5  kHz  5  kHz 

V2^"  —  1  s/l]l2  —  1  0.0644 


7.76  kHz 


Practice  Problem  14.23 

Three  amplifier  stages,  each  having  a  value  of  /C1  =  800  Hz,  are  cascaded.  Deter¬ 
mine  the  overall  value  of /C1  for  the  three-stage  amplifier. 


For  any  multistage  amplifier,  the  total  bandwidth  is  found  as 


BWr  =  fc2(T)  “  fam  (14.44) 

When  you  cascade  two  or  more  amplifiers  that  are  not  identical,  the  overall  circuit  is 
analyzed  in  the  same  fashion  as  we  used  to  analyze  the  combined  effects  of  fw,  flc,  and 
fiE  for  the  BJT  amplifier.  For  example,  consider  the  Bode  plot  shown  in  Figure  14.30. 
This  plot  represents  the  overall  response  of  a  two-stage  amplifier  with  the  following 
characteristics: 


Stage  fq _ /c 2 

1  1  kHz  100  kHz 

2  10  kHz  1  MHz 
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Stage  1  fci  Stage  2  /C1  Stage  1  fC2  Stage  2  fC2 


FIGURE  14.30  Overall  amplifier  frequency  response. 


This  discussion  assumes  (for 
simplicity)  that  each  amplifier 
stage  has  only  one  lower  and 
one  upper  cutoff  frequency.  In 


On  the  low  end,  the  two-stage  amplifier  cutoff  frequency  is  at  10  kHz  (the  value  of/cl 
for  stage  2).  The  gain  of  the  amplifier  decreases  at  a  20  dB/decade  rate  until  the  value  of 
/c,  for  stage  1  is  reached  (1  kHz).  At  this  point,  the  overall  gain  decreases  at  a  rate  of 
40  dB/decade.  The  same  principles  apply  to  the  high-frequency  operation.  As  you  can 
see,  the  two-stage  gain  is  reduced  by  3  dB  at  the  cutoff  frequency  of  stage  1  (100  kHz). 
The  20  dB/decade  drop  continues  until  fc2  of  stage  2  (1  MHz)  is  reached.  At  that  point, 
the  roll-off  rate  increases  to  40  dB/decade. 

Note  that  the  bandwidth  of  the  overall  amplifier  is  determined  by  the  highest  fcl  value 
and  the  lowest  fC2  value.  Also,  these  principles  apply  to  circuits  with  more  than  two  stages. 
As  each  amplifier  cuts  off,  the  reduction  in  gain  increases  by  another  20  dB/decade. 


Section  Review  ► 


1.  As  you  cascade  identical  amplifier  stages,  what  happens  to  the  overall  value  of/C2? 

2.  As  you  cascade  identical  amplifier  stages,  what  happens  to  the  overall  value  of/Ci? 

3.  As  you  cascade  identical  amplifier  stages,  what  happens  to  the  overall  value  of  BW? 

4.  How  do  you  plot  the  frequency  response  of  a  cascaded  amplifier  that  does  not  con¬ 

tain  identical  stages? 


CHAPTER  SUMMARY  .  , 

Here  is  a  summary  of  the  major  points  made  in  this  chapter: 

1.  The  bandwidth  of  an  amplifier  is  the  range  of  frequencies  over  which  gain  is  rela¬ 
tively  constant. 

2.  A  frequency-response  curve  shows  the  relationship  between  amplifier  operating  fre¬ 
quency  and  gain  (see  Figure  14.1). 

a.  The  limits  of  the  bandwidth  are  defined  by  the  cutoff  frequencies,  fcl  and  fC2. 

b.  The  cutoff  frequencies  are  the  frequencies  at  which  amplifier  power  gain  is  50% 
of  its  midband  value. 

3.  The  numeric  value  of  amplifier  bandwidth  is  equal  to  the  difference  between  its 
cutoff  frequencies. 

4.  The  cutoff  frequencies  of  an  amplifier  are  sometimes  referred  to  as  the  half-power 
frequencies. 
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5.  The  geometric  center  frequency  (/0)  of  an  amplifier  equals  the  geometric  average  of 
fci  and  fC2. 

a.  Power  gain  is  maximum  when  an  amplifier  is  operated  at/0. 

b.  The  ratio  of/0  :/cl  equals  the  ratio  of  fC2  :/0. 

6.  The  cutoff  frequencies  for  an  amplifier  can  be  measured  using  the  technique  out¬ 
lined  in  Section  14.1.2. 

7.  Frequency  response  curves  normally  represent  gain  and  frequency  as  follows: 

a.  Power  (or  voltage)  gain  is  measured  as  a  ratio,  expressed  in  dB. 

b.  Frequency  is  measured  using  a  logarithmic  scale-,  that  is,  each  division  equals  a 
whole  number  multiple  (which  is  a  constant)  of  the  previous  division. 

See  Figure  14.4. 

8.  A  decade  is  a  frequency  multiplier  of  10.  Each  division  on  a  decade  scale  has  10 
times  the  value  of  the  previous  division. 

9.  An  octave  is  a  frequency  multiplier  of  two.  Each  division  on  an  octave  scale  has 
twice  the  value  of  the  previous  division. 

10.  Decade  and  octave  intervals  are  commonly  used  to  describe  the  rate  at  which  gain 
varies  with  frequency.  Two  common  examples  are  20  dB  per  decade  and  6  dB  per 
octave. 

11.  A  Bode  plot  is  a  frequency  response  curve  that  assumes  A4p(mid)  is  constant  until 
the  cutoff  frequencies  are  reached  (see  Figure  14.6). 

12.  The  low-frequency  response  of  a  BJT  amplifier  is  determined  by: 

a.  The  resistance  values  in  the  circuit. 

b.  The  capacitance  values  in  the  circuit  that  are  external  to  the  BJT. 

13.  The  term  roll-off  rate  is  used  to  describe  the  rate  at  which  the  gain  of  an  amplifier  is 
reduced  (in  dB)  when  operated  outside  its  bandwidth. 

14.  Every  RC  circuit  rolls  off  at  a  rate  of  20  dB  per  decade,  which  is  the  same  as  a  roll¬ 
off  rate  of  6  dB  per  octave.  (See  Figures  14.10and  14.11.) 

15.  The  roll-off  rate  of  an  RC  circuit  is  independent  of  the  values  of  R  and  C. 

16.  The  overall  roll-off  rate  for  a  circuit  containing  multiple  RC  circuits  equals  the  sum 
of  the  individual  roll-off  rates  (see  Figure  14.12). 

17.  The  Bode  plot  for  a  circuit  represents  the  ideal  amplifier  response  to  a  change  in 
frequency. 

a.  It  assumes  that  all  cutoff  frequencies  are  exactly  equal  to  their  predicted  values. 

b.  It  assumes  that  each  RC  circuit  has  a  roll-off  rate  of  0  dB  until  the  cutoff  fre¬ 
quency  is  reached. 

c.  It  assumes  that  roll-off  is  constant  at  the  given  roll-off  rate. 

18.  An  RC  circuit  begins  to  reduce  amplifier  gain  at  approximately  twice  the  value  of/cl. 

19.  The  effects  of  multiple  cutoff  frequencies  are  illustrated  in  Figure  14.13. 

20.  The  difference  between  a  Bode  plot  and  a  typical  frequency-response  curve  is  illus¬ 
trated  in  Figure  14.15. 

21.  The  high-frequency  response  of  a  BJT  amplifier  is  determined  by: 

a.  The  circuit  resistance  values. 

b.  The  BJT  internal  capacitance  values. 

See  Figure  14.16. 

22.  The  current  gain-bandwidth  product  of  a  BJT  is  the  frequency  at  which  its  current 
gain  drops  to  unity  (1). 

23.  Miller's  theorem  allows  a  feedback  capacitor  (across  inverting  terminals)  to  be  rep¬ 
resented  as  separate  input  and  output  capacitors. 

24.  The  high-frequency  roll-off  characteristics  of  an  amplifier  are  identical  to  the  low- 
frequency  roll-off  characteristics. 

25.  Predicted  values  of  fC2  for  a  BJT  amplifier  tend  to  have  high  percentages  of  error 
because: 

a.  The  BJT  internal  capacitance  values  are  estimated. 

b.  The  BJT  internal  capacitances  are  in  the  pF  range,  as  are  the  input  capacitances 
of  many  pieces  of  test  equipment.  Therefore,  connecting  test  equipment  to  the 
circuit  can  have  a  profound  effect  on  the  value  of  /C3. 

26.  FET  amplifier  frequency  response  is  nearly  identical  to  that  of  BJT  amplifiers. 
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27.  FET  amplifiers  tend  to  have  lower  values  of /C1  than  do  BJT  amplifiers  because: 

a.  The  input  impedance  of  an  FET  is  extremely  high. 

b.  FET  amplifiers  tend  to  use  higher-value  biasing  resistors  than  do  BJT  amplifiers. 

28.  FET  amplifier  high-frequency  response  is  determined  by: 

a.  The  circuit  resistances. 

b.  The  internal  FET  capacitances. 

29.  When  identical  amplifier  stages  are  cascaded: 

a.  The  overall  value  of  fa  is  lower  than  that  of  an  individual  stage. 

b.  The  overall  value  of/cl  is  higher  than  that  of  an  individual  stage. 

c.  The  overall  value  of  BW  is  lower  than  that  of  an  individual  stage. 
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Equation  Number 

Equation 

Section  Number 

(14.41) 

c  =  c  —  c 

gs  '-'iss  rss 

14.3 

(14.42) 

i 

JC 

7s 

> 

H 

4 

14.4 

(14.43) 

r  fc\ 

fcKT)  V2""-l 

14.4 

(14.44) 
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14.4 

KEY  TERMS 

bandwidth  (BW)  550 

Bode  plot  557 
current  gain-bandwidth 
product  569 
cutoff  frequencies  55 1 

decade  557 
frequency-response 
curve  550 
geometric  center 
frequency  (/0)  552 

Miller’s  theorem  570 
octave  557 
roll-off  rate  562 

PRACTICE  PROBLEMS 

Section  14.1 

1.  An  amplifier  has  cutoff  frequencies  of  1.2  kHz  and  640  kHz.  Calculate  the  band¬ 
width  and  center  frequency  for  the  circuit. 

2.  An  amplifier  has  cutoff  frequencies  of  3.4  kHz  and  748  kHz.  Calculate  the  band¬ 
width  and  center  frequency  for  the  circuit. 

3.  An  amplifier  has  cutoff  frequencies  of  5.2  kHz  and  489.6  kHz.  Calculate  the  bandwidth 
and  center  frequency  for  the  circuit. 

4.  An  amplifier  has  cutoff  frequencies  of  1 .4  kHz  and  822.7  kHz.  Calculate  the  band¬ 
width  and  center  frequency  for  the  circuit. 

5.  An  amplifier  has  cutoff  frequencies  of  2.6  kHz  and  483.6  kHz.  Show  that  the  ratio 
of/o  to  fa  is  equal  to  the  ratio  of/C2  to  f0  for  the  circuit. 

6.  An  amplifier  has  cutoff  frequencies  of  1  kHz  and  345  kHz.  Show  that  the  ratio  of/0 
to/Ci  is  equal  to  the  ratio  of fC2  to  f0  for  the  circuit. 

7.  The  values  of  f0  and  fC2  for  an  amplifier  are  measured  at  72  kHz  and  548  kHz, 
respectively.  Calculate  the  values  of  fcl  and  bandwidth  for  the  amplifier. 

8.  The  values  of/0  and  fa  for  an  amplifier  are  measured  at  22.8  kHz  and  321  kHz, 
respectively.  Calculate  the  values  of/cl  and  bandwidth  for  the  circuit. 

9.  The  values  of/0  and/cl  for  an  amplifier  are  measured  at  48  kHz  and  2  kHz,  respec¬ 
tively.  Calculate  the  values  of and  bandwidth  for  the  circuit. 

10.  The  values  of  /0  and  /Ci  for  an  amplifier  are  measured  at  36  kHz  and  4.3  kHz, 
respectively.  Calculate  the  values  of/C2  and  bandwidth  for  the  circuit. 

Section  14.2 

11.  Calculate  the  value  of/ls  for  the  amplifier  in  Figure  14.31. 

12.  Calculate  the  value  of f]B  for  the  amplifier  in  Figure  14.32. 

13.  Calculate  the  value  of/lcfor  the  amplifier  in  Figure  14.31. 

14.  Calculate  the  value  of  j\ c  lor  the  amplifier  in  Figure  14.32. 

15.  Calculate  the  value  of /]£for  the  amplifier  in  Figure  14.31. 

16.  Calculate  the  value  of/1£for  the  amplifier  in  Figure  14.32. 

17.  A  given  amplifier  has  values  of  Av(mid)  =  32  dB  and  /C1  =  8  kHz.  Calculate  the  dB 
voltage  gain  of  the  amplifier  at  operating  frequencies  of  7,  5,  4,  and  1  kHz. 

18.  A  given  amplifier  has  values  of  Av(mid)  =  16  dB  and/C]  =  12  kHz.  Calculate  the  dB 
voltage  gain  of  the  amplifier  at  operating  frequencies  of  18,  12,  10,  and  2  kHz. 
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19.  Compare  the  results  of  Problems  11,  13,  and  15.  What  is  the  approximate  value  of 
fci  for  the  amplifier  described  in  these  three  problems? 

20.  Compare  the  results  of  Problems  12,  14,  and  16.  What  is  the  approximate  value  of 
fa  for  the  amplifier  described  in  these  three  problems? 

21.  A  transistor  has  a  value  of fT  =  200  MHz  at  Ic  =  10  mA.  Determine  the  value  of  Che 
at  this  current. 

22.  A  transistor  has  a  value  of/r  =  400  MHz  at  Ic  =  1  mA.  Determine  the  value  of  Cbe 
at  this  current. 

23.  An  inverting  amplifier  has  values  of  Chc  =  7  pF  and  Av  =  100.  Determine  the  Miller 
input  and  output  capacitance  values  for  the  circuit. 

24.  An  inverting  amplifier  has  values  of  Cbc  =  3  pF  and  Av  =  4.  Determine  the  Miller 
input  and  output  capacitance  values  for  the  circuit. 

25.  Determine  the  value  of/2Bfor  the  amplifier  in  Figure  14.31. 

26.  Determine  the  value  of  f2B  for  the  amplifier  in  Figure  14.32. 

27.  Determine  the  value  of  /2C  for  the  amplifier  in  Figure  14.31. 

28.  Determine  the  value  of/2Cfor  the  amplifier  in  Figure  14.32. 

29. '  Calculate  the  overall  values  of/cl  and /q  for  the  amplifier  in  Figure  14.33. 

30.  Calculate  the  overall  values  of /C1  and  fd  for  the  amplifier  in  Figure  14.34. 


Transistor  ratings 


FIGURE  14.31 


Transistor  ratings 


FIGURE  14.32 
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Transistor  ratings 
hfe  -  200 
hie=  3.4  kn 
fT=  800  MHz 
Cbc=  2pF 


FIGURE  14.33 


FIGURE  14.34 

Section  14.3 

31.  Calculate  the  value  of/1G  for  the  amplifier  in  Figure  14.35. 

32.  Calculate  the  value  of/lc  for  the  amplifier  in  Figure  14.36. 

33.  Calculate  the  value  of fw  for  the  amplifier  in  Figure  14.35. 


FIGURE  14.35 
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JFET  ratings 


FIGURE  14.36 


34.  Calculate  the  value  of  fw  for  the  amplifier  in  Figure  14.36. 

35.  Calculate  the  values  of f2c  and  f2D  for  the  amplifier  in  Figure  14.35. 

36.  Calculate  the  values  of/2G  and  f2D  for  the  amplifier  in  Figure  14.36. 

37.  An  FET  has  ratings  of  Ciss  =  14  pF,  Crss  =  9  pF,  and  Coss  =  10  pF.  Determine  the 
values  of  Cgd,  Cgs,  and  Cds  for  the  device. 

38.  An  FET  has  ratings  of  Coss  =  16  pF,  Crss  =  9  pF,  and  Ciss  =  12  pF.  Determine  the 
values  of  Cgd,  Cgs,  and  Cds  for  the  device. 

39.  Calculate  the  overall  values  of fci  and/c2  for  the  amplifier  in  Figure  14.37. 

JFET  ratings  +40  v 


FIGURE  14.37 


40.  Calculate  the  overall  values  of/cl  and_/c2  for  the  amplifier  in  Figure  14.38. 

41.  Two  amplifiers,  each  having  a  value  of  fC2  =  120  kHz,  are  cascaded.  Determine  the 
overall  value  of  fa  for  the  circuit. 

42.  Two  amplifiers,  each  having  a  value  of  /C1  =  3  kHz,  are  cascaded.  Determine  the 
overall  value  of/C]  for  the  circuit. 

43.  Two  amplifiers,  each  having  values  of/cl  =  2  kHz  and  fc2  =  840  kHz,  are  cascaded. 
Determine  the  bandwidth  of  the  circuit. 

44.  Four  amplifiers,  each  having  values  of  fcl  =  1.5  kHz  and  fC2  =  620  kHz,  are  cas¬ 
caded.  Determine  the  bandwidth  of  the  circuit. 
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JFET  ratings  +24  v 


FIGURE  14.38 


PUSHING  THE  ENVELOPE 

45.  We  have  two  amplifiers.  The  first  amplifier  has  values  of  flB  =  2  kHz,/lc  =  16  kHz, 
and  /, E  =  32  kHz.  The  second  amplifier  has  values  of  fw  =  8  kHz ,/lc  =  12  kHz, 
and  /,,,  =  4  kHz.  For  each  of  these  amplifiers: 

a.  Draw  the  Bode  plot,  including  the  appropriate  roll-off  rates.  The  Bode  plots 
should  have  an  octave  frequency  scale  that  starts  at  2  kHz  and  continues  up  to 
32  kHz. 

b.  Plot  the  frequency-response  curve  on  the  same  graph  as  the  Bode  plot.  The 
frequency-response  curve  must  take  into  account  the  combined  effects  of/1B,/,c, 
and  fIE  at  each  major  division  on  the  graph.  In  other  words,  at  each  major  divi¬ 
sion,  calculate  the  values  of  AAV  for  each  of  the  terminal  circuits,  determine  the 
total  value  of  A Av ,  and  plot  the  point  that  corresponds  to  the  total  value  of  A Av. 

After  completing  the  two  graphs,  compare  the  results  to  see  which  frequency- 
response  curve  more  closely  resembles  its  Bode  plot. 

46.  Calculate  the  change  in  /„  that  occurs  in  the  circuit  in  Figure  14.39  if  the  load  resis¬ 
tance  opens. 


Transistor  ratings  +18  V 


FIGURE  14.39 


SUGGESTED  COMPUTER 

APPLICATIONS 

PROBLEMS 


47.  Write  a  program  that  will  determine  the  lower  cutoff  frequencies  of  a  BJT  amplifier 
given  the  proper  input  values. 

48.  Write  a  program  that  will  determine  the  upper  cutoff  frequencies  of  a  BJT  amplifier, 
given  the  proper  input  values. 
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49.  Combine  the  programs  from  Problems  47  and  48.  Then,  add  program  steps  to  deter¬ 
mine  the  overall  values  of/ci,/c2,/0,  and  bandwidth  for  the  circuit. 

50.  Repeat  Problems  47  through  49  for  a  JFET  amplifier. 

51.  Repeat  Problem  50  for  an  inverting  amplifier. 


14.1  1.4996  MHz 

14.2  24.49  kHz 

14.3  Both  ratios  equal  61.23. 

14.4  297  kHz 

14.5  120  kHz 

14.6  41.55  dB 

14.7  Apj  —  55.88  dB  (when  solved  using  either  approach) 

14.8  45.2  Hz 

14.9  14.2  Hz 

14.10  54.5  Hz 

14.11  16.01  dB 

14.12  306  pF 

14.13  960  pF,  4  pF 

14.14  1.08  MHz 

14.15  37.54  MHz 

14.17  0.01  Hz 

14.18  260.9  Hz 

14.19  20.28  pF 

14.20  f2G  =  11.47  MHz,/2D  =  22.01  MHz 

14.21  Cgs  =  9  pF,  Cds  ~  1  pF,  Cgd  =  3  pF 

14.22  348  kHz 

14.23  1.57  kHz 


ANSWERS  TO  THE 
EXAMPLE  PRACTICE 
PROBLEMS 
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Operational 

Amplifiers 


Objectives 

After  studying  the  material  in  this  chapter,  you  should  be  able  to: 

1.  Describe  the  operational  amplifier,  or  op-amp. 

2.  State  the  purpose  served  by  a  differential  amplifier. 

3.  Describe  open-loop  voltage  gain,  and  state  its  typical  range  of  values. 

4.  Describe  the  operation  of  a  discrete  differential  amplifier. 

5.  Describe  the  various  voltage  and  current  ratings  for  an  op-amp. 

6.  Discuss  the  effects  of  common-mode  rejection  ratio  on  op-amp  operation. 

7 .  Discuss  the  relationship  between  slew-rate  and  op-amp  operating  frequency. 

8.  Discuss  slew-rate  distortion  and  the  means  by  which  it  can  be  reduced. 

9.  Describe  and  analyze  the  operation  of  the  inverting  amplifier. 

10.  Describe  and  analyze  the  operation  of  the  noninverting  amplifier. 

11.  Compare  and  contrast  the  operating  characteristics  of  the  inverting  and  noninverting 
amplifiers. 

1 2 .  List  the  common  op-amp  faults  and  the  symptoms  of  each. 

13.  Define  gain-bandwidth  product,  and  explain  its  significance. 

14.  Describe  the  various  types  of  feedback. 

15.  Describe  the  effects  of  negative  feedback  on  inverting  amplifier  gain  and  bandwidth. 

16.  Calculate  the  attenuation  factor  and  feedback  factor  for  a  given  feedback  amplifier. 

1 7 .  Calculate  the  input  and  output  impedance  values  for  inverting  and  noninverting 
amplifiers. 
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15.1  Op-Amps :  An  Overview 

15.2  Operation  Overview 

15.3  Differential  Amplifiers  and  Op-Amp  Specifications 

15.4  Inverting  Amplifiers 

15.5  Noninverting  Amplifiers 

15.6  Troubleshooting  Basic  Op-Amp  Circuits 

15.7  Op-Amp  Frequency  Response 

15.8  Negative  Feedback 
Chapter  Summary 


Sh rj n kj n C i_r cuits _ 

The  impact  that  integrated-circuit  technology  has  had  on 
the  field  of  electronics  can  easily  be  understood  if  you  con¬ 
sider  the  history  of  the  operational  amplifier,  or  op-amp.  At 
one  time,  op-amps  were  made  using  vacuum  tubes.  A  typical 
vacuum  tube  op-amp  contained  approximately  six  vacuum 
tubes  that  were  housed  in  a  single  module.  The  typical  module 
measured  3  X  5  X  12  in.  (approximately  8  X  13  X  30  cm). 


In  the  early  1960s,  the  semiconductor  op-amp  became 
available.  This  component  (whose  equivalent  circuit  is  shown 
in  Figure  15.1)  typically  contains  close  to  200  internal  active 
devices  in  a  case  that  is  approximately  0.4  X  0.26  in.  (10.2  X 
6.6  mm)! 


Discrete  components 

Components  housed  in 
individual  packages;  that  is,  one 
package — one  component. 

Integrated  circuit  (IC) 

A  single  package  that  contains 
any  number  of  active  and/or 
passive  components,  all 
constructed  on  a  single  piece  of 
semiconductor  material. 


Individual  components,  such  as  the  2N3904  BJT  and  the  2N5459  FET,  are  classified  as 
discrete  components.  The  term  discrete  indicates  that  each  physical  package  contains 
only  one  component.  For  example,  when  you  purchase  a  2N3904,  you  are  buying  a  single 
component  housed  in  its  own  casing. 

Over  the  years,  advances  in  manufacturing  technology  have  made  it  possible  to  pro¬ 
duce  entire  circuits  on  a  single  piece  of  semiconductor  material.  This  type  of  circuit, 
which  is  housed  in  a  single  casing,  is  referred  to  as  an  integrated  circuit,  or  IC.  ICs 
range  in  complexity  from  simple  circuits  containing  a  few  active  and/or  passive  compo¬ 
nents  to  complex  circuits  containing  hundreds  of  thousands  of  components.  The  more 
complex  the  internal  circuitry  of  an  IC,  the  more  complex  its  function. 

The  major  impacts  of  ICs  all  relate  to  their  internal  operation  and  relatively  low  manu¬ 
facturing  cost.  Circuit  operations  that  once  took  hundreds  of  discrete  components  to  per¬ 
form  can  now  be  accomplished  with  a  single  IC.  This  has  made  circuits  easier  to  design 
and  troubleshoot.  At  the  same  time,  the  cost  of  an  IC  is  generally  lower  than  the  cost  of  a 
comparable  discrete-component  circuit.  This  has  made  electronic  systems  less  expensive 
to  manufacture. 

It  would  be  impossible  for  a  single  book  to  cover  every  type  of  IC  available.  As  your 
study  of  electronics  continues,  you  will  be  introduced  to  more  and  more  types  of  ICs.  In 
this  book,  we  will  concentrate  on  the  most  commonly  used  linear  IC,  the  operational 
amplifier,  or  op-amp.  We  will  discuss  the  operating  principles  and  basic  amplifier  appli¬ 
cations  of  op-amps,  including  op-amp  circuit  troubleshooting. 


15.1  Op-Amps:  An  Overview 


OBJECTIVE  1  ►  The  op-amp  is  a  high-gain  dc  amplifier  that  has  high  input  impedance  and  low  output 
impedance.  The  internal  circuitry,  schematic  symbol,  and  pin  diagram  for  the  741  general- 
v  purpose  operational  amplifier  (op-amp)  are  shown  in  Figure  15.1. 

Check  out  that  circuit!  How  would  you  like  to  troubleshoot  that  on  your  average  Mon¬ 
day  morning?  Fortunately,  all  the  circuitry  of  the  741  is  contained  in  a  single  component. 
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0+1/ 


+1/ 


(b)  The  schematic  symbol  for  an  op-amp 


FIGURE  15.1  A  741  operational  amplifier  (op-amp). 


741  chip  (relative  size) 


(c)  The  741  chip  packaged  in  an  8-pin 
DIP  (dual-in-line  package) 


Since  we’re  dealing  with  a  single  component,  all  we  need  to  concern  ourselves  with  are 
the  input/output  relationships  and  characteristics  of  the  component.  You  cannot  get  into  a 
741  to  repair  the  internal  circuitry,  so  its  complexity  is  of  no  consequence. 

The  signal  inputs  to  the  op-amp  are  labeled  inverting  and  noninverting.  Normally,  an 
input  signal  is  applied  to  either  of  these  two  inputs.  The  other  input  is  usually  wired  to 
control  the  operating  characteristics  of  the  component.  The  particular  application  deter¬ 
mines  which  input  pin  is  used  as  the  active  input. 

The  op-amp  has  two  dc  power  supply  inputs,  labeled  +V  and  —V.  These  dc  supply 
pins  are  normally  connected  in  one  of  two  ways,  as  illustrated  in  Figure  15.2.  One  way  is 
to  have  +  V  and  —  V  set  to  equal  voltages  that  are  of  opposite  polarity,  as  shown  in  Figure 
15.2a.  The  other  way  is  to  provide  a  single  supply  voltage  to  one  of  the  supply  pins  while 
grounding  the  other.  This  connection  is  shown  in  Figures  15.2b  and  c.  Again,  the  specific 
wiring  of  these  two  pins  depends  on  the  particular  application.  The  offset  null  pins  (Fig¬ 
ure  15.1)  are  discussed  later  in  this  chapter. 


Operational  amplifier 
(op-amp) 

A  high-gain  dc  amplifier  that 
has  high  input  impedance  and 
low  output  impedance. 
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+5  V  +5  V 


(a)  (b)  (c) 

FIGURE  15.2  Op-amp  supply  voltages. 


15.1.1  IC  Identification 

Op-amps  are  produced  by  a  variety  of  manufacturers.  Many  op-amps  are  identified  using 
a  seven-character  ID  code  like  the  one  shown  in  Figure  15.3.  The  prefix  is  used  to  identify 
the  manufacturer.  A  listing  of  the  most  common  prefixes  is  provided  in  Table  15.1.  The 
designator  code  indicates  two  things: 

1.  The  three-digit  number  indicates  the  specific  type  of  op-amp. 

2.  The  letter  indicates  the  operating  temperature  range. 


TABLE  15.1 

Manufacturers'  Prefixes 

Prefix 

Manufacturer 

AD/OP 

Analog  Devices 

CA/HA 

Harris 

Prefix  Designator  Suffix 

KA 

Fairchild 

MC  74IC  N 

LM 

National  Semiconductor 

FIGURE  15.3  Op-amp  ID 

MC 

ON  Semiconductor 

code. 

NE/SE 

Signetics 

OPA 

Burr-Brown 

RC/RM 

Raytheon 

SG 

Silicon  General 

TI 

Texas  Instruments 

Designator  code 

An  IC  code  that  indicates  the 
type  of  circuit  and  its  operating 
temperature  range. 


Some  commonly  used  temperature  codes  are  listed  in  Table  15.2.  Along  with  identify¬ 
ing  specific  types  of  op-amps,  designator  codes  are  used  to  determine  which  op-amps  can 
be  substituted  for  each  other.  This  point  is  discussed  further  in  the  section  on  op-amp  cir¬ 
cuit  troubleshooting.  The  suffix  identifies  the  op-amp  package.  The  commonly  used  suffix 
codes  are  listed  in  Table  15.3. 


TABLE  15.2  Temperature  Codes 


Code 

Application 

Temperature  Range  (°C) 

C 

Commercial 

Oto  70 

I 

Industrial 

-25  to  85 

M 

Military 

-55  to  125 

TABLE  15.3  Suffix  Codes 


Code 

Package  Type 

D,  VD 

Surface-mount  package  (SMP) 

J 

Ceramic  dual-in-line  (DIP) 

N,  P.  VP 

Plastic  DIP 

DM 

Micro  SMP 
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15.1.2  Op-Amp  Packages 

Op-amps  are  available  in  metal  cans,  dual-in-line  packages  (DIPs),  and  surface-mount 
packages  (SMPs).  Typical  pin  configurations  for  these  packages  are  illustrated  in  Figure 
15.4.  Note  that  the  type  of  package  is  extremely  important  when  considering  whether  one 
component  may  be  substituted  for  another. 


(Bottom  view) 

(a)  Metal  can  (TO-5) 
FIGURE  15.4  Op-amp  packages. 


Offset  null  ['  1  @ 

ln(— )  H  2 
ln(+)C  3 

-V\2  4 


8  □  N.C. 

7  J+V 
6  □  Output 
5  □  Offset  null 


(Top  view) 

(b)  8-pin  DIP  or  SMP 


N.C.  stands  for  not  connected. 
The  pins  labeled  are  rasC; 

.  . . :..f. 


1.  What  is  a  discrete  component ?  Section  Review 

2.  What  is  an  integrated  circuit ? 

3.  What  is  an  operational  amplifier,  or  op-ampl 

4.  Draw  the  schematic  symbol  for  an  op-amp,  and  identify  the  signal  and  supply  volt¬ 
age  inputs. 

5.  What  are  the  three  parts  of  the  op-amp  identification  code?  What  does  each  part  of 
the  code  tell  you? 

6.  What  are  the  three  types  of  op-amp  packages? 


15.2  Operation  Overview 


The  input  stage  of  the  op-amp  is  a  differential  amplifier.  This  type  of  circuit  amplifies  ◄  OBJECTIVE  2 
the  difference  between  two  input  voltages,  V)  and  V2.  Any  difference  between  the  values 
of  and  V2  appears  as  a  difference  of  potential  (Vdiff)  across  the  input  terminals,  as 
shown  in  Figure  15.5.  By  formula, 

Kw  =  “  V|  (15.1) 

where  Vdip  =  the  voltage  that  will  be  amplified 

V|  =  the  voltage  applied  to  the  inverting  input 
V2  =  the  voltage  applied  to  the  noninverting  input 


Differential  amplifier 

A  circuit  that  amplifies  the 
difference  between  two  input 
voltages. 


It  is  important  for  you  to  remember  that  the  op-amp  is  amplifying  the  difference  between 
the  input  terminal  voltages. 

The  output  from  the  amplifier  for  a  given  pair  of  input  voltages  depends  on  several 
factors: 

1.  The  gain  of  the  amplifier. 

2.  The  polarity  relationship  between  V,  and  V2. 

3.  The  values  of  the  supply  voltages,  +  V  and  —  V. 

4.  The  load  resistance. 

We  will  now  look  at  these  four  factors  in  detail. 


inputs. 
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OBJECTIVE  3  ► 

Open-loop  voltage  gain  (AOL) 
The  maximum  possible  gain  of 
a  given  op-amp.  The  voltage 
gain  of  an  op-amp  with  no 
feedback  path. 


What  determines  op-amp 


15.2.1  Op-Amp  Gain 

The  maximum  possible  gain  provided  by  a  given  op-amp  is  referred  to  as  its  open-loop 
voltage  gain  (A0l)-  The  value  of  AOL  is  generally  greater  than  10,000.  For  example,  the 
Fairchild  KA741  op-amp  has  an  open-loop  voltage  gain  of  200,000  (typical). 

The  term  open-loop  indicates  a  circuit  condition  where  there  is  no  feedback  path  from 
the  output  to  the  op-amp  input.  You  may  recall  that  a  feedback  path  is  a  connection  used 
to  “feed”  a  portion  of  the  output  signal  back  to  the  input.  Op-amp  circuits  usually  contain 
one  or  more  feedback  paths.  In  Figure  15.6,  the  circuit  containing  Rf  is  the  feedback  path. 
When  part  of  the  output  signal  is  fed  back  to  the  input,  the  effective  gain  of  the  op-amp  is 
reduced.  As  we  cover  specific  circuits,  you  will  be  shown  how  to  determine  the  gain  of 
each.  In  the  meantime,  you  should  remember: 

1.  The  open-loop  voltage  gain  (AQl)  of  an  op-amp  is  its  maximum  voltage  gain,  typi¬ 
cally  10,000  or  greater. 

2.  The  effective  voltage  gain  of  an  op-amp  is  reduced  when  a  feedback  path  is  added 
between  the  component  output  and  input. 


FIGURE  15.6 


The  high  gain  of  the  op-amp  is  another  advantage  that  this  component  has  over  BJTs 
and  FETs.  Values  of  Av  near  the  200,000  mark  (which  are  common  for  op-amps)  are  vir¬ 
tually  impossible  for  single-stage  discrete  amplifiers. 


15.2.2  Input/Output  Polarity 

The  polarity  relationship  between  V,  and  V2  determines  whether  the  op-amp  output  volt¬ 
age  swings  toward  +  V  or  — V .  When  V)  is  more  negative  than  V2,  the  op-amp  output  volt¬ 
age  swings  toward  +  V,  as  shown  in  Figure  15.7a.  When  V\  is  more  positive  than  V2,  the 
op-amp  output  voltage  swings  toward  —V,  as  shown  in  Figure  15.7b.  Note  the  relation¬ 
ships  between  the  input  voltage  polarities  and  the  input  signs  in  the  schematic  symbol.  In 
Figure  15.7a,  the  relative  polarities  of  V)  and  V2  match  the  polarity  signs  in  the  schematic 
symbol,  and  the  output  is  positive.  In  Figure  15.7b,  the  relative  polarities  for  Vl  and  V2  do 
not  match  the  polarity  signs  in  the  schematic  symbol,  and  the  output  is  negative.  These 
input/output  relationships  can  be  summarized  as  follows: 

When  the  input  voltage  polarities,  with  respect  to  each  other,  match  the 
polarity  signs  in  the  schematic  symbol,  the  output  voltage  is  positive.  When 
they  do  not,  the  output  is  negative. 

This  relationship  is  illustrated  further  in  Figure  15.8. 

It  is  important  to  note  that  the  output  polarity  is  determined  by  the  relationship 
between  the  polarities  of  V,  and  V2,  not  by  their  polarities  with  respect  to  ground.  For 
example,  look  at  circuits  (a)  and  (c)  in  Figure  15.8.  In  both  of  these  cases,  V)  is  more  neg¬ 
ative  than  V2  (the  relative  polarities  match  the  polarity  symbols),  and  the  output  is  posi¬ 
tive.  It  did  not  matter  whether  both  inputs  were  positive  or  negative,  only  that  V,  was  neg¬ 
ative  with  respect  to  V2.  If  you  take  a  moment  to  look  at  circuits  (b)  and  (d),  you'll  see 
that  Vi  is  more  positive  than  V2  (the  relative  polarities  do  not  match  the  polarity  signs), 
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+v  +v 


(a)  Pout  is  positive  when  V2  is  more  positive  than  .  (b)  t/out  is  negative  when  V2  is  more  negative  than  12, . 

FIGURE  15.7  Op-amp  input  polarities. 


and  the  output  is  negative.  Again,  the  relationship  between  Vx  and  V2  has  determined  the 
output  polarity. 

Now  take  a  look  at  circuit  (e).  Note  that  the  noninverting  (+)  input  is  grounded.  When 
the  input  signal  goes  more  positive  than  ground,  the  relative  input  polarities  do  not  match 
the  polarity  signs,  and  the  output  goes  negative.  When  the  input  signal  goes  more  nega¬ 
tive  than  ground,  the  relative  input  polarities  match  the  polarity  signs,  and  the  output  goes 
positive.  Note  the  180°  phase  shift  between  the  op-amp  input  and  output  signals.  This  is 
where  the  term  inverting  input  comes  from.  If  you  apply  the  same  reasoning  to  circuit 
(f),  you  will  see  why  the  (+)  input  is  referred  to  as  the  noninverting  input. 

There  is  another  method  you  can  use  to  determine  the  polarity  of  the  op-amp  output 
voltage  for  a  given  set  of  input  voltages.  You  may  remember  that  equation  (15.1)  defines 
the  differential  input  as 


Inverting  input 

The  op-amp  input  that  produces 
a  1 80°  voltage  phase  shift  (from 
input  to  output)  when  used  as  a 
signal  input. 

Noninverting  input 

The  op-amp  input  that  does  not 
produce  a  voltage  phase  shift 
(from  input  to  output)  when 
used  as  a  signal  input. 


FIGURE  15.8  Input/output  polarity  relationships. 
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When  the  result  of  this  equation  is  positive,  the  op-amp  output  voltage  is  positive.  When 
the  result  of  this  equation  is  negative,  the  output  voltage  is  negative.  These  relationships 
are  illustrated  in  Example  15.1. 

EXAMPLE  15.1 _ 

Determine  the  output  voltage  polarity  for  circuits  (a)  and  (b)  in  Figure  15.8  using 
equation  (15.1). 

Solution:  For  circuit  (a), 

Vm=  V2-  W=4V  — 2V  =  2V 
Since  Vdiff  is  positive,  the  op-amp  output  voltage  is  positive.  For  circuit  (b), 

Vdiff  =  V2  -  V,  =0V-2V  =  — 2V 
Since  is  negative,  the  op-amp  output  voltage  is  negative. 

Practice  Problem  15.1 

Using  equation  (15.1),  determine  the  output  voltage  polarities  for  circuits  (c)  and 
(d)  in  Figure  15.8. 


If  you  compare  the  polarities  obtained  in  the  example  with  those  determined  in  the  dis¬ 
cussion,  you  will  see  that  we  reached  the  same  conclusions  in  both  cases. 

You  may  be  wondering  why  we  went  to  all  the  trouble  of  developing  an  observation 
method  of  analysis  (comparing  the  voltage  polarities  to  the  polarity  signs  in  the  schematic 
symbol)  when  the  mathematical  method  of  analysis  used  in  Example  15.1  seems  so  much 
simpler.  The  reason  for  establishing  two  methods  of  analysis  is  that  each  method  is  sim¬ 
pler  to  use  under  different  circumstances.  When  you  are  analyzing  the  schematic  diagram 
of  an  op  amp-based  circuit  or  system,  it  is  easier  to  use  the  mathematical  method  of 
analysis.  When  you  are  troubleshooting  an  op-amp  circuit  or  system  with  an  oscilloscope, 
the  observation  method  is  easier  to  use  because  you  do  not  need  to  determine  exact  volt¬ 
age  values.  You  only  need  to  determine  the  polarity  relationship  between  the  inputs,  and 
then  you  can  predict  and  observe  the  output  voltage  polarity. 

Up  to  this  point,  we  have  simplified  matters  by  not  considering  the  effects  of  the  +  V 
and  -  V  values  on  the  op-amp  output.  As  you  were  shown  earlier,  these  supply  pins  can 
be  set  to  different  values.  We  will  now  take  a  look  at  the  effects  of  +  V  and  —V  on  the 
output  voltage  from  the  op-amp. 


How  do  the  supply  voltages 
affect  the  op^amp.  output 


15.2.3  Supply  Voltages 

The  supply  voltages  (+V  and  — V )  determine  the  limits  of  the  output  voltage  swing.  No 
matter  what  the  gain  or  input  signal  strength,  the  output  cannot  exceed  some  value 
slightly  less  than  +V  or  -V.  For  example,  the  circuit  shown  in  Figure  15.9a  has  supply 


+5  V  +5  V 


FIGURE  15.9  Op-amp  supply  voltages. 


(c) 
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voltages  of  ±5  V.  Assuming  that  the  output  can  make  the  full  transition  between  the 
supply  voltages,  it  cannot  exceed  peak  values  of  +5  V  and  -5  V.  For  the  circuit  shown  in 
Figure  15.9b,  the  output  would  be  limited  to  +5  V  on  the  positive  transition  and  0  V  on 
the  negative  transition.  Finally,  the  output  from  the  circuit  shown  in  Figure  15.9c  would 
have  positive  and  negative  limits  of  0  and  —5  V,  respectively. 

In  practice,  the  peak  output  voltage  cannot  reach  either  +  V  or  —  V.  The  reason  for  this 
lies  in  the  fact  that  some  voltage  is  dropped  across  the  components  in  the  op-amp  output 
circuit  (refer  to  Figure  15.1a).  The  actual  limits  on  Vout  depend  on  the  op-amp  being  used 
and  the  value  of  the  load  resistance.  For  example,  the  spec  sheet  for  the  KA741  op-amp 


lists  the  following  parameters: 

Parameter 

Condition 

Typical  Value 1 

Output  voltage  swing 

Rl  >  10  kfl 

±14  V 

Rl  >  2  kfl 

±13  V 

aVs  =  ±15  V,  Ta  =  25 °C. 

If  the  load  resistance  is  less  than  2  kfl,  a  graph  like  the  one  in  Figure  15.10  can  be 
used  to  determine  the  limits  on  the  output  voltage.  Note  that  the  output  voltages  in  the 
curve  are  given  as  peak-to-peak  values.  For  example,  the  curve  shows  that  a  200  II  load 
resistance  limits  the  output  voltage  swing  to  10  VPP,  or  ±5  V. 

The  curve  in  Figure  15.10  assumes  power  supply  values  of  ±  15  V.  If  the  power  supply 
is  set  to  values  other  than  ±15  V,  a  graph  like  the  one  in  Figure  15.11  can  be  used  to 
determine  the  limits  on  the  output  voltage.  Generally,  the  following  guidelines  apply  to 
any  741  op-amp: 

Value  of  Load  Resistance  (kfl)  Max.  (+)  Output  Max.  (—)  Output 

Greater  than  10  (+V)  -  IV  (~V)  +  1  V 

2  to  10  (+ V)  —  2  V  (  — V)  +  2  V 


FIGURE  15.10  Output  voltage  as  a  FIGURE15.il  Output  voltage  as  a  function 

function  of  load  resistance.  of  supply  voltage. 


For  example,  consider  the  circuit  shown  in  Figure  15.12.  The  supply  voltages  are 
+ 10  V  and  ground.  If  the  value  of  RL  is  10  kfl  or  more,  the  maximum  output  transition  is 
from  +9  to  +1  V.  If  the  load  resistance  is  between  2  and  10  kfl,  the  maximum  output 
voltage  transition  is  from  +8  to  +2  V. 


15.2.4  Putting  It  All  Together 

We  have  considered  the  factors  of  gain,  input  polarity  relationships,  load  resistance,  and 
supply  voltages  on  the  operation  of  an  op-amp.  In  this  section,  we  will  go  through  a  series 
of  examples  that  put  all  these  factors  together.  In  each  example,  a  voltage  gain  value  is 
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Ftf 


FIGURE  15.12 

assumed  to  simplify  the  problem.  Later  in  the  chapter,  you  will  be  shown  how  to  deter¬ 
mine  the  gain  for  each  of  these  circuits. 

EXAMPLE  15.2 _ 

Determine  the  peak-to-peak  output  voltage  for  the  circuit  shown  in  Figure  15.13. 
Also,  determine  the  maximum  possible  output  values  for  the  amplifier.  Assume  that 
the  voltage  gain  of  the  circuit  is  150. 


R,=  15  kft 


FIGURE  15.13 


Solution:  Since  the  noninverting  input  to  the  amplifier  is  grounded,  the  differen¬ 
tial  input  is  equal  to  the  value  of  Vin,  100  mVPP.  Multiplying  this  value  by  the  volt¬ 
age  gain  of  the  amplifier,  we  get 

V„„,  =  AvVw  =  (150X100  mVPP)  =  15  Vpp 

Since  the  load  resistance  is  10  kfl,  we  can  determine  the  maximum  possible 
peak  output  voltages  using  the  general  guidelines  established  for  the  741  earlier  in 
the  chapter.  Thus,  the  maximum  positive  and  negative  peak  values  are  found  as 

^Pk(+)  =  (+V)  -  1  V  =  +9  V  (maximum) 


and 


^pk<-)  =  (-V)  +  1  V  =  -9  V  (maximum) 

Practice  Problem  15.2 

An  op-amp  circuit  has  the  following  values:  +V  =  12  V,  —  V  =  — 12  V,  yin  = 
40  mVPP,  V2  =  0  V  (ground),  and  Av  =  140.  Determine  the  value  of  yout  for  the  circuit. 
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EXAMPLE  15.3 


Determine  the  maximum  allowable  value  of  Vin  for  the  circuit  shown  in  Figure 
15.14.  Assume  that  the  voltage  gain  of  the  amplifier  is  200. 


Rf 

20  kfi 


FIGURE  15.14 

Solution:  The  first  step  is  to  determine  the  maximum  allowable  peak  output 
voltage  values.  Since  the  load  resistance  is  between  2  and  10  kfi,  the  peak  output 
values  are  found  as 


Vpk(+)  =  (+F)-2V  =  +4V  (maximum) 
and 


Vm-)  =  (-E)-2V==-4V  (maximum) 

The  maximum  peak-to-peak  output  voltage  equals  the  difference  between  these  two 
values,  8  V.  Dividing  this  value  by  the  gain  of  the  amplifier  gives  us  the  maximum 
allowable  peak-to-peak  value  of  Vin  as  follows: 


% 


VU 

A* 


8  V 


pp 


200 


=  40  mVpp 


Practice  Problem  15.3 

Determine  the  maximum  allowable  peak-to-peak  input  voltage  for  the  amplifier 
described  in  Practice  Problem  15.2.  Assume  that  the  load  resistance  for  the  circuit 
is  20  kfi. 


EXAMPLE  15.4 _ 

Determine  the  maximum  input  and  output  voltage  values  for  the  circuit  in  Figure 
15.15.  Assume  that  the  op-amp  has  the  output  limits  shown  in  Figure  15.10. 

Solution:  Since  the  load  resistance  is  less  than  2  kfi,  we  must  make  sure  that  the 
output  voltage  swing  is  not  limited  by  the  load.  Checking  the  graph  in  Figure  15.10, 
we  see  that  the  maximum  possible  output  swing  with  a  load  of  1.5  kfi  is  26  VPP,  or 
—  13  Vpk.  Since  the  supply  voltages  are  well  below  this  value,  we  can  safely  assume 
that  the  load  will  not  significantly  restrict  the  output  voltage  swing.  With  this  in 
mind,  we  can  determine  the  maximum  output  voltages  using  the  guidelines  estab¬ 
lished  for  loads  under  10  kfi.  Thus, 


Vpk(+)  =  (+F)  -  2  V  =  +2V  (maximum) 
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FI, 

24  k  Cl 


FIGURE  15.15 


and 


Vpk(— >  =  (— V)  +  2  V  =  — 2V  (maximum) 


and  our  maximum  output  from  the  circuit  is  4  VPP.  Using  this  value,  the  maximum 
peak-to-peak  value  of  the  input  is  found  as 


Vr 


out 


4  V 


pp 


121 


=  33.06  mVpp 


Practice  Problem  15.4 

Determine  the  maximum  allowable  peak-to-peak  input  voltage  for  the  amplifier 
described  in  Practice  Problem  15.2.  Assume  that  the  load  resistance  for  the  circuit 
is  1  kfl.  Use  the  curve  in  Figure  15.10  to  determine  the  effect  of  the  load  resistance 
on  the  op-amp  output  voltage  limits. 


Incidentally,  the  circuit  shown  in  Figure  15.15  has  an  input  applied  to  the  noninverting 
terminal,  while  the  circuits  shown  in  Figures  15.13  and  15.14  have  inputs  applied  to  the 
inverting  terminals.  The  main  difference  between  the  circuit  shown  in  Figure  15.15  and 
the  other  two  is  that  there  is  no  voltage  phase  shift  from  input  to  output.  The  circuits 
shown  in  Figures  15.13  and  15.14  both  have  a  180°  voltage  phase  shift  from  input  to 
output. 

Another  point  can  be  made  at  this  time:  The  circuit  configuration  shown  in  Figures 
15.13  and  15.14  are  the  op-amp  counterparts  of  the  common-emitter  amplifier.  If  you 
compare  these  circuits  to  the  voltage-divider  biased  amplifier,  you  will  see  that  the  op- 
amp  circuits  contain  far  fewer  components.  This  is  another  advantage  of  using  op-amp 
circuits  in  place  of  discrete  component  circuits.  Op-amp  circuits  require  fewer  external 
components  to  establish  the  desired  operation. 


Section  Review  ► 


1.  What  is  a  differential  amplifier ? 

2.  What  determines  the  polarity  of  an  op-amp  output? 

3.  What  is  open-loop  voltage  gain  (AOL)? 

4.  What  is  the  typical  range  of  AOL? 

5.  Describe  the  observation  method  for  determining  the  output  voltage  polarity  for  an 
op-amp. 

6.  Describe  the  mathematical  method  for  determining  the  output  voltage  polarity  for  an 
op-amp. 
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7.  What  effect  do  the  supply  voltages  of  an  op-amp  have  on  the  maximum  peak-to-peak 
output  voltage? 

8.  What  effect  does  the  load  resistance  of  an  op-amp  have  on  the  maximum  peak-to- 
peak  output  voltage? 

9.  Refer  to  Figure  15.1a.  Using  the  schematic  shown,  explain  why  op-amp  output  volt-  ◄  Critical  Thinking 
age  decreases  as  load  resistance  decreases. 


15.3  Differential  Amplifiers  and  Op-Amp  Specifications 


Diodes,  BJTs,  and  FETs  all  have  parameters  and  electrical  characteristics  that  affect  their 
operation.  The  op-amp  is  no  different.  Up  to  this  point,  we  have  ignored  the  op-amp  param¬ 
eters  and  electrical  characteristics  to  give  you  a  chance  to  grasp  the  fundamental  concepts 
of  component  operation  without  being  bogged  down  with  detail.  Now,  it  is  time  to  bring 
the  op-amp  parameters  and  electrical  characteristics  into  the  picture. 

Earlier  in  this  chapter,  you  were  told  that  the  input  circuit  to  an  op-amp  is  a  differential 
amplifier  that  is  driven  by  the  inverting  and  noninverting  inputs.  As  you  will  see,  this 
circuit  determines  many  op-amp  electrical  characteristics. 


15.3.1  The  Basic  Differential  Amplifier 

A  differential  amplifier  is  a  circuit  that  accepts  two  inputs  and  produces  an  output  that  is 
proportional  to  the  difference  between  those  inputs.  A  basic  differential  amplifier  is 
shown  in  Figure  15.16.  Note  that  the  input  to  Q2  is  identified  as  the  noninverting  input 
(NI)  and  the  input  to  <2i  as  the  inverting  input  (/). 


+  vcc 


Ideally,  the  Q1  and  Q2  circuits  have  identical  characteristics.  Since  they  are  etched  on  a  ◄  OBJECTIVE  4 
single  piece  of  silicon,  the  transistors  are  identical.  By  design,  the  values  of  the  two  col¬ 
lector  resistors  are  also  equal.  With  identical  characteristics,  the  quiescent  values  of  IE  for 
the  transistors  are  equal.  When  the  two  inputs  are  grounded  as  shown  in  Figure  15.16: 

h  =  m  (i5.2) 
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Since  both  emitter  currents  pass  through  RE, 


(15.3) 


where 


(15.4) 


Assuming  the  base  currents  are  negligible, 

Ic  —  1  E 


and 


When  both  collector  currents  and  both  collector  resistors  are  equal,  then 


and 


Vci  -  fci  -  Vcc  —  IcRc 


(15.5) 


V,ou.=  Vcl  -Va  =  0V 


Now,  consider  what  happens  when  we  apply  a  signal  to  the  inverting  input  as  shown  in 
Figure  15.17a.  During  the  positive  alternation  of  the  input,  the  current  through 
increases.  Assuming  that  the  value  of  1EE  is  relatively  constant,  the  increase  in  1E]  causes 
IE2  to  decrease.  The  increase  in  IEi  causes  the  voltage  across  Rci  to  increase,  and  VC1 
decreases.  At  the  same  time,  the  decrease  in  IE2  causes  the  voltage  across  Ra  to  decrease, 
and  Vc2  increases.  Assuming  that  the  output  signal  (Vout)  is  taken  from  output  1  (with  out¬ 
put  2  being  the  reference),  we  obtain  the  negative  output  alternation  shown  in  the  figure. 


Note:  Each  collector  waveform 

is  measured  at  terminal  (1),  with 
terminal  (2)  being  the  reference. 

+  Vcc  +  Vcc 


(a)  Inverting  input  (b)  Noninverting  input 


FIGURE  15.17  Differential  amplifier  input/output  relationships. 
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When  the  input  in  Figure  15.17a  goes  negative,  IE1  decreases  and  IE2  increases.  This 
time,  the  current  changes  cause  Vcl  to  increase  and  VC2  to  decrease.  These  changes  cause 
yout  to  increase,  as  shown  in  the  figure.  Thus,  the  output  voltage  is  180°  out  of  phase  with 
the  input  voltage. 

In  Figure  15.17b,  a  positive  input  causes  lE2  to  increase  and  IEX  to  decrease.  As  you 
have  been  shown,  these  changes  cause  a  positive  alternation  to  be  produced  at  output  1.  A 
negative-going  input  causes  IE2  to  decrease  and  lEl  to  increase.  These  changes  cause  a 
negative  alternation  to  be  produced  at  output  1.  Thus,  the  input  and  output  voltages  (in 
this  case)  are  in  phase. 

15.3.2  Modes  of  Operation 

There  are  three  basic  modes  of  operation  for  a  differential  amplifier: 

1.  Single-ended  mode.  A  differential  amplifier  is  operating  in  a  single-ended  mode 
when  an  active  signal  is  applied  to  only  one  input,  as  shown  in  Figure  15.17.  The 
inactive  input  is  normally  connected  directly  (or  via  a  resistor)  to  ground.  Depend¬ 
ing  on  which  input  is  active,  the  amplifier  is  classified  as  either  an  inverting  ampli¬ 
fier  (Figure  15.17a)  or  a  noninverting  amplifier  (Figure  15.17b). 

2.  Differential  mode.  For  differential  operation,  two  active  signals  are  applied  to  the 
amplifier  inputs.  The  output  magnitude  and  polarity  reflect  the  relationship  between 
the  two  inputs,  as  described  earlier  in  this  chapter. 

3.  Common  mode.  This  mode  of  operation  occurs  when  identical  signals  are  applied 
simultaneously  to  the  inverting  and  noninverting  inputs.  Since  the  transistors  have 
identical  inputs,  they  provide  identical  ouputs.  As  a  result,  the  collector  voltages 
are  equal  throughout  the  entire  cycle  of  the  input  waveform,  and  the  output  from  the 
differential  amplifier  is  0  V.  The  benefit  of  this  mode  of  operation  is  that  any  noise  or 
undesired  signal  that  appears  at  the  two  inputs  simultaneously  does  not  generate  an 
output  from  the  circuit  (ideally).  This  point  is  discussed  in  detail  later  in  this  section. 

15.3.3  Output  Offset  Voltage 

Even  though  the  transistors  in  the  differential  amplifier  are  very  closely  matched,  there  M  OBJECTIVE  5 
are  some  differences  in  their  electrical  characteristics.  One  of  these  differences  is  found  in 
the  values  of  ^ BE  for  the  two  transistors.  When  VBFA  A  VBE2,  an  imbalance  is  created  in 
the  differential  amplifier  that  may  result  in  an  output  offset  voltage  (Fout(otTset}).  This 
condition  is  illustrated  in  Figure  15.18.  Note  that  with  the  op-amp  inputs  grounded,  the 
output  shows  a  measurable  voltage.  This  voltage  (which  can  be  positive  or  negative)  is  a 
result  of  the  imbalance  in  the  differential  amplifier,  which  causes  one  of  the  transistors  to 
conduct  harder  than  the  other. 

+v 


®  —  ^out(offset) 

O 

-V 

FIGURE  15.18  Output  offset  voltage. 

The  difference  between  the  base-emitter  voltages  in  the  differential  amplifier  is 
referred  to  as  input  offset  voltage  {Vio)  and  is  normally  represented  as  shown  in  Figure 
15.19.  Note  that  the  battery  (Vio)  represents  the  difference  between  VBEl  and  VBE2.  The 
value  of  Vio  can  be  found  as 

(15.6) 


V',„  - 


'  oimoffsen 


Input  offset  voltage  (Virt) 

The  difference  between  the 
base-emitter  voltages  in  a 
differential  amplifier  that 
produces  an  offset  output 
voltage  when  the  signal  inputs 
are  grounded. 


Output  offset  voltage 

(Fout(offset)) 

A  voltage  that  may  appear  at 
the  output  of  an  op-amp;  caused 
by  an  imbalance  in  the 
differential  amplifier. 
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Figure  15.1  shows  that  the  offset  null  pins  are  connected  (indirectly)  to  the  input  dif¬ 
ferential  amplifier.  When  properly  adjusted,  the  offset  null  circuitry  corrects  the  imbal¬ 
ance  in  the  differential  amplifier,  causing  the  output  of  the  op-amp  to  go  to  0  V.  It  should 
be  noted  that  the  offset  null  pins  are  rarely  used.  In  some  applications,  critical  operation 
of  the  op-amp  is  not  required.  In  other  applications,  simpler  methods  can  be  used  to  elim¬ 
inate  any  output  offset  voltage. 


15.3.4  Input  Offset  Current 


Input  offset  current 

A  slight  difference  in  op-amp 
input  currents,  caused  by 
differences  in  the  transistor  beta 
ratings. 

Compensating  resistor 

A  resistor  connected  to  the 
noninverting  input  to  an  op-amp 
to  compensate  for  any 
difference  in  the  input  currents. 


When  an  op-amp  is  connected  as  shown  in  Figure  15.18,  there  may  also  be  a  slight  differ¬ 
ence  between  the  inverting  and  noninverting  input  currents  (/!  and  /2).  This  slight  differ¬ 
ence  in  input  currents,  called  input  offset  current,  is  caused  by  a  beta  mismatch  between 
the  transistors  in  the  differential  amplifier.  Left  unchecked,  input  offset  current  can  con¬ 
tribute  to  any  output  offset  voltage. 

One  commonly  used  method  of  minimizing  the  effects  of  any  difference  between  the 
signal  input  currents  is  to  place  a  compensating  resistor  between  the  noninverting  input 
and  ground.  For  example,  Figure  15.20b  shows  an  op-amp  circuit  with  a  compensating 
resistor  ( Rc ).  The  value  of  Rc  equals  the  parallel  combination  of  Rin  and  Rf.  The  reason 
for  this  is  simple:  The  circuit  connected  to  the  inverting  input  as  seen  by  that  input  is 
made  up  of  Rin  ||  Rf.  By  setting  Rc  =  Rin  ||  Rf,  the  two  inputs  “see”  the  same  resistance. 

When  the  proper  value  of  Rc  is  used,  any  difference  between  the  input  currents  gener¬ 
ates  a  proportional  differential  input  voltage.  This  differential  input  helps  to  offset  the 
imbalance  caused  by  the  difference  in  the  input  currents,  which  helps  to  hold  any  result¬ 
ing  output  offset  voltage  to  a  minimum. 
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15.3.5  Input  Bias  Current 

The  inputs  to  an  op-amp  require  some  amount  of  dc  biasing  current  for  the  BJTs  in  the 
differential  amplifier.  The  average  quiescent  value  of  dc  biasing  current  drawn  by  the  sig¬ 
nal  inputs  of  the  op-amp  is  the  input  bias  current  rating  of  the  amplifier.  For  the  KA741, 
this  rating  is  between  80  nA  (typical)  and  500  nA  (maximum).  This  means  that  the  op- 
amp  signal  inputs  draw  between  80  and  500  nA  from  the  external  circuitry  when  no 
active  signal  is  applied  to  the  device. 

The  fact  that  both  transistors  in  the  differential  amplifier  require  an  input  biasing  current 
leads  to  the  following  operating  restriction:  An  op-amp  will  not  produce  the  expected  output 
if  either  of  its  inputs  is  open.  For  example,  look  at  the  circuit  shown  in  Figure  15.21.  The 
noninverting  input  is  shown  to  have  an  open  between  the  op-amp  and  ground.  This  open  cir¬ 
cuit  does  not  allow  the  dc  biasing  current  required  for  the  operation  of  the  differential 
amplifier.  ( The  transistor  associated  with  the  inverting  input  will  work,  but  not  the  one  asso¬ 
ciated  with  the  noninverting  input.)  Since  the  differential  amplifier  will  not  work,  the  overall 
op-amp  circuit  will  not  work.  Thus,  an  input  bias  current  path  must  always  be  provided  for 
both  op-amp  inputs. 


Rt 


FIGURE  15.21  An  open  input  prevents  the  op-amp  from  working. 


15.3.6  Common-Mode  Rejection  Ratio  (CMRR) 

Common-mode  signals  are  identical  signals  that  are  applied  simultaneously  to  the  two 
inputs  of  an  op-amp.  For  example,  the  two  signals  shown  in  Figure  15.22  are  common¬ 
mode  signals. 


FIGURE  15.22 


+  V 


If  the  two  signals  shown  occur  at  the  same  time  and  have  the  same  amplitude,  the 
ideal  op-amp  does  not  respond  to  their  presence.  Remember  that  the  op-amp  is  designed 
to  respond  to  the  difference  between  two  input  signals.  If  there  is  no  difference  between 
the  two  inputs,  the  ideal  op-amp  doesn’t  produce  an  output. 

A  measure  of  the  ability  of  an  op-amp  to  “ignore”  common-mode  signals  is  its  common¬ 
mode  rejection  ratio  (CMRR).  Technically,  it  is  the  ratio  of  differential  voltage  gain  to 
common-mode  voltage  gain.  For  example,  let’s  assume  for  a  moment  that  the  op-amp  in 


Input  bias  current 

The  average  value  of  quiescent 
dc  biasing  current  drawn  by  the 
^signal  inputs  of  an  op-amp. 


◄  OBJECTIVE  6 

Common-mode  signals 

Identical  signals  that  are 
applied  simultaneously  to  the 
two  inputs  of  an  op-amp. 


Common-mode  rejection 
ratio  (CMRR) 

The  ratio  of  differential  gain  to 
common-mode  gain. 
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Common-mode  signals  are 
usually  undeM.ed  signals. 


Power  supply  rejection  ratio 
(PSRR) 

The  ratio  of  a  change  in  op-amp 
output  voltage  to  a  change  in 
supply  voltage. 


Output  short-circuit  current 

The  maximum  output  current 
for  an  op-amp,  measured  under 
shorted  load  conditions. 


Figure  15.22  has  a  differential  voltage  gain  of  1500.  Let’s  also  assume  that  the  op-amp 
has  a  common-mode  voltage  gain  of  0.01.  The  common-mode  rejection  ratio  for  the  op- 
amp  would  be  found  as 


CMRR 


Av  (differential)  _  1500 
A„  (common  mode)  0.01 


=  150,000  (103.5  dB) 


This  result  indicates  that  the  gain  provided  to  a  differential  input  ( Vdijf )  is  150,000  times 
as  great  as  the  gain  provided  to  two  common-mode  signals. 

The  ability  of  the  op-amp  to  reject  common-mode  signals  is  one  of  its  strengths.  Common- 
mode  signals  are  usually  undesired  signals,  caused  by  external  interference.  For  example, 
any  RF  noise  picked  up  by  the  op-amp  inputs  is  considered  undesirable.  The  common-mode 
rejection  ratio  indicates  the  op-amp’s  ability  to  reject  such  unwanted  signals. 

The  common-mode  rejection  ratio  for  a  given  op-amp  is  usually  measured  in  decibels 
(dB).  For  example,  the  KA741  op-amp  has  a  minimum  common-mode  rejection  ratio  of 
70  dB.  This  means  that  differential  input  gain  is  at  least  3162  times  as  great  as  common¬ 
mode  signal  gain. 


15.3.7  Power  Supply  Rejection  Ratio 

The  power  supply  rejection  ratio  (PSRR)  is  an  op-amp  rating  that  indicates  the  change 
in  output  voltage  that  results  from  a  change  in  supply  voltage.  For  example,  the  KA741 
has  a  PSRR  of  77  dB  (minimum).  This  rating  indicates  that  any  change  in  the  power  sup¬ 
ply  voltage  will  be  at  least  77  dB  greater  than  the  resulting  change  in  output  voltage.  For 
example,  if  the  supply  voltage  for  a  KA74 1  changes  by  1  V,  the  output  will  change  by  a 
maximum  of  141  p,V. 

15.3.8  Output  Short-Circuit  Current 

Op-amps  are  protected  internally  from  the  excessive  current  demand  of  a  shorted  load. 
The  output  short-circuit  current  rating  of  an  op-amp  is  the  maximum  value  of  output 
current,  measured  with  the  load  shorted.  For  the  KA741,  this  rating  is  25  mA.  Thus,  with 
a  load  of  0  LI,  the  output  current  from  this  op-amp  will  be  no  more  than  25  mA. 

The  short-circuit  current  rating  helps  to  explain  why  the  output  voltage  from  an  op-amp 
drops  when  the  load  resistance  decreases.  For  example,  consider  the  circuit  shown  in 
Figure  15.23.  The  load  resistance  is  shown  to  be  50  SI.  Assuming  that  the  op-amp  is  pro¬ 
ducing  the  maximum  output  current  of  25  mA,  the  maximum  load  voltage  is  found  as 

Vi  =  !autRL  =  (25  mA)(50 11)  =  1.25  V 

This  is  considerably  less  than  the  ±10  V  supply  that  would  otherwise  limit  the  output 
voltage.  As  load  resistance  is  decreased,  the  limit  on  op-amp  output  current  can  cause  the 
load  voltage  to  decrease  significantly. 


FI, 


FIGURE  15.23 
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15.3.9  Slew  Rate 


The  slew  rate  of  an  op-amp  is  a  measure  of  how  fast  the  output  voltage  can  change  in 
response  to  a  change  at  either  signal  input.  The  slew  rate  of  the  KA741  is  0.5  V/|xs  (typi¬ 
cal).  This  means  that  the  output  from  this  amplifier  can  change  by  0.5  V  every  microsec¬ 
ond.  Since  frequency  is  related  to  time,  the  slew  rate  can  be  used  to  determine  the  maxi¬ 
mum  operating  frequency  of  the  op-amp  as  follows: 


◄  OBJECTIVE  7 
Slew  rate 

The  maximum  rate  at  which 
op-amp  output  voltage  can 


Lab  Reference:  The  slew  rate  of  an 
op-amp  is  measured  in  Exercise  21 . 


where  Vpk  =  the  peak  output  voltage  from  the  op-amp.  Example  15.5  demonstrates  the 
use  of  this  relationship. 


EXAMPLE  15.5 _ 

Determine  the  maximum  operating  frequency  for  the  circuit  shown  in  Figure  15.24. 
(Assume  that  2  kfl  <  R,  <  10  kO.) 


FIGURE  15.24 


Solution:  The  maximum  peak  output  voltage  for  this  circuit  is  approximately  8  V. 
Using  this  value  as  Vpk  in  equation  (15.7),  the  maximum  operating  frequency  for 
the  amplifier  is  determined  as 


slew  rate  0.5  V/fis  500  kHz 

■  r;1 — •  =  ••  —  — =  9.95  kHz 

2irVpk  2it(8  V)  50.27 


Practice  Problem  15.5 

An  op-amp  with  a  slew  rate  of  0.4  V/pis  has  a  10  Vpk  output.  Determine  the  maxi¬ 
mum  operating  frequency  for  the  component. 


Note  that  the  slew  rate  in  Example  15.5  was  converted  to  a  frequency  as  follows: 


When  the  maximum  required  output  from  the  op-amp  decreases,  the  maximum  possi¬ 
ble  operating  frequency  increases.  This  relationship  is  demonstrated  in  Example  15.6. 

EXAMPLE  15.6 

The  amplifier  in  Figure  15.24  is  used  to  amplify  an  input  signal  to  a  peak  output 
voltage  of  100  mV.  What  is  the  maximum  operating  frequency  of  the  amplifier? 
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Solution:  Using  100  mV  as  the  peak  output  voltage, /max  is  found  as 


slew  rate  0.5  V/|xs  500  kHz 


2ttV„ 


2tt(100  mV)  0.628 


=  796  kHz 


Practice  Problem  15.6 

The  output  peak  voltage  for  the  op-amp  in  Practice  Problem  15.5  is  reduced  to  2  Vpk. 
Determine  the  new  maximum  operating  frequency  for  the  device. 


OBJECTIVE  8  ► 


The  phase  relationships  shown 
in  Figure  15.25  will  vary  with 
the  op-amp  configuration 
(inverting  or  npnjnvegttlagliatid 


Examples  15.5  and  15.6  show  that  the  op-amp  can  be  operated  at  a  much  higher  fre¬ 
quency  when  it  is  used  as  a  small-signal  amplifier  than  when  it  is  used  as  a  large-signal 
amplifier. 

The  effects  of  operating  an  op-amp  beyond  its  frequency  limit  (/max)  are  illustrated  in 
Figure  15.25.  This  figure  shows  two  input  waveforms  and  the  distorted  output  waveforms. 
In  each  case,  the  input  waveform  is  changing  at  a  rate  that  is  greater  than  the  op-amp  can 
handle.  When  this  happens,  the  output  from  the  op-amp  changes  more  slowly  than  the 
input,  resulting  in  the  distortion  shown.  This  problem  can  be  corrected  by: 

1.  Decreasing  the  frequency  of  the  input  waveform. 

2.  Decreasing  the  voltage  gain  of  the  op-amp,  resulting  in  a  lower  peak  output  voltage 
(which  increases  the  maximum  operating  frequency). 

3.  Using  an  op-amp  with  a  higher  slew  rate. 
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(a)  The  effect  of  slew  rate  distortion  on  a  sine  wave  (b)  The  effect  of  slew  rate  distortion  on  a  square  wave 

FIGURE  15.25  Slew-rate  distortion. 


15.3.10  Input/Output  Resistance 

As  stated  earlier  in  the  chapter,  op-amps  typically  have  high  input  resistance  and  low  out¬ 
put  resistance  ratings.  For  the  KA741,  these  ratings  are  2  MO  and  75  12,  respectively. 
Note  that  the  high  input  resistance  and  low  output  resistance  of  the  op-amp  closely 
resemble  the  characteristics  of  the  ideal  voltage  amplifier,  which  has  infinite  input  resis¬ 
tance  and  zero  output  resistance. 

15.3.11  Putting  It  All  Together 

You  have  been  exposed  to  many  op-amp  operating  characteristics  in  this  section.  Now,  we 
will  take  a  look  at  how  they  relate  to  each  other.  As  the  graphs  in  Figure  15.26  illustrate, 
the  various  op-amp  characteristics  are  not  independent  of  each  other.  Table  15.4  has  been 
derived  using  the  graphs  in  Figure  15.26.  As  you  read  the  comments  on  each  characteris¬ 
tic,  refer  to  the  indicated  graph  to  verify  the  comments  for  yourself.  Graph  references  are 
given  in  parentheses  after  each  statement. 

The  following  series  of  statements  provide  cause-and-effect  relationships  from  the  741 
operating  curves: 

1.  As  you  increase  supply  voltage,  you  also: 

a.  Increase  the  open-loop  voltage  gain. 

b.  Increase  the  possible  output  voltage  swing. 
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TABLE  15.4  Op-Amp  Characteristics 


Characteristic 

Comments 

Open-loop  voltage  gain 

Varies  with  changes  in  supply  voltage  (a);  decreases  at  a  linear 
rate  as  frequency  increases  from  10  Hz  to  1  MHz  (i). 

Output  voltage  swing 

Varies  with  changes  in  RL:  is  severely  limited  by  values  of 

Rl  <  500  ft  (c);  directly  proportional  to  supply  voltage  (b); 
constant  for  frequencies  up  to  10  kHz,  then  drops  off  rapidly  (d). 

Input  resistance 

Directly  proportional  to  ambient  temperature  (f);  constant  for 
frequencies  up  to  10  kHz,  then  starts  to  drop  off  (j). 

Input  bias  current 

Decreases  as  temperature  increases  (e).  This  is  consistent  with  the 
increase  in  input  resistance. 

Output  short-circuit  current 

Rated  at  a  temperature  of  25°C;  increases  below  this  temperature, 
and  decreases  above  this  temperature  (g). 

Power  consumption 

The  power  used  by  the  device  is  directly  proportional  to  the 
supply  voltage  (h). 

Output  resistance 

Remains  constant  for  frequencies  up  to  100  kHz,  then  increases 
rapidly  (k). 

Input  voltage  range 

The  maximum  differential  input 
that  an  op-amp  can  accept 
without  risking  damage  to  its 
input  differential  amplifier. 

Large-signal  voltage  gain 

The  open-loop  voltage  gain  of 
an  op-amp. 


Supply  current 

A  rating  that  indicates  the  value 
of  quiescent  (inactive)  current 
that  an  op-amp  draws  from  its 
power  supply. 

Power  consumption 
|  A  rating  that  indicates  the 
:  amount  of  power  dissipated  by 
i  an  op-amp  when  it  is  operated 
in  its  quiescent  state. 


3.  As  the  ambient  temperature  increases: 

a.  Input  bias  current  decreases. 

b.  Input  resistance  increases. 

c.  Output  short-circuit  current  decreases. 

As  you  will  see,  these  cause-and-effect  relationships  can  come  in  handy  when  you  are 
trying  to  build  a  circuit  in  the  lab  or  are  troubleshooting  a  given  op-amp  circuit. 


15.3.12  Other  Op-Amp  Characteristics 

The  electrical  characteristics  table  from  the  KA741  spec  sheet  is  shown  in  Figure  15.27. 
As  you  can  see,  the  spec  sheet  contains  all  the  characteristics  discussed  in  this  section.  At 
this  point,  we  take  a  brief  look  at  four  additional  ratings  listed  on  the  spec  sheet. 

The  input  voltage  range  indicates  the  maximum  differential  input  to  the  op-amp.  As 
shown  in  the  figure,  the  KA741  can  withstand  a  ±12  V  difference  of  potential  across  its 
signal  inputs. 

The  large-signal  voltage  gain  is  the  open-loop  voltage  gain  rating  for  the  component. 
The  spec  sheet  in  Figure  15.27  shows  a  rating  of  Gv  =  200  V/mV  (typical).  This  value 
indicates  that  the  component  can  provide  an  output  of  200  V  (maximum)  with  a  differen¬ 
tial  input  of  1  mV.  The  above  rating  can  be  converted  to  standard  form  as  follows: 


Aql  = 


200  V 
1  mV 


200  V 
1  X  10"3V 


=  200,000 


The  supply  current  rating  indicates  the  quiescent  current  that  is  drawn  from  the 
power  supply.  When  the  KA741  does  not  have  an  input  signal,  it  will  draw  a  maximum  of 
2.8  mA  from  the  +  V  and  —V  power  supplies. 

The  power  consumption  rating  indicates  the  amount  of  power  that  the  op-amp  will 
dissipate  when  it  is  in  its  quiescent  state.  As  you  can  see,  the  power  dissipation  rating  of 
the  KA741  has  a  maximum  value  of  85  mW. 

There  are  two  more  ratings  that  we  have  not  covered.  These  are  bandwidth  and  tran¬ 
sient  response.  Bandwidth  is  discussed  later  in  this  chapter.  Transient  response  is  covered 
in  Chapter  19.  In  the  upcoming  sections  of  this  chapter,  we  will  discuss  the  operation  of 
the  two  most  basic  op-amp  circuits,  the  inverting  amplifier  and  the  noninverting 
amplifier. 
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Electrical  Characteristics 

(Vcc  ~  15V,  VEE  =  -15V.  Ta  =  25  C,  unless  otherwise  specified) 


Parameter 

Symbol 

■  '  '  ■  : 

Conditions 

KA741E 

KA741 

Unit 

Min. 

Typ- 

Max. 

Min. 

TVP. 

Max. 

Input  Offset  Voltage 

V|o 

Rs<10kii 

- 

- 

- 

- 

2.0 

6.0 

mV 

RS<50U 

0.8 

3.0 

- 

- 

- 

Input  Offset  Voltage 
Adjustment  Range 

VIO(R) 

VCC=±20V 

±10 

- 

- 

- 

±15 

- 

mV 

Input  Offset  Current 

*10 

- 

3.0 

30 

- 

20 

200 

nA 

Input  Bias  Current 

Ibias 

- 

- 

30 

80 

- 

80 

500 

nA 

Input  Resistance 

R, 

Vcc  =  ±20V 

1.0 

6.0 

0.3 

2.0 

- 

mi 

Input  Voltage  Range 

VI|R) 

- 

±12 

±13 

- 

±12 

±13 

- 

V 

Large  Signal  Voltage  Gain 

Gv 

Ru  >  2K11 

Vcc  =  ±20V, 
V0(P.P)  =  ±15V 

50 

- 

- 

- 

- 

- 

V/mV 

VCC  =  ±15V, 
V0lp-P)  =  ±10V 

- 

- 

- 

20 

200 

- 

Output  Short  Circuit  Current 

'sc 

10 

25 

35 

25 

- 

mA 

Output  Voltage  Swing 

Vo(P-P) 

VCC  =  ±20V 

Rl>  10KU 

+  16 

- 

- 

- 

- 

- 

V 

Rl  >  2KU 

±15 

- 

- 

- 

- 

- 

VCC  =  ±15V 

RL>  10KU 

- 

- 

- 

±12 

±14 

- 

Rl>2KU 

- 

- 

- 

±10 

±13 

- 

Common  Mode  Rejection 
Ratio 

CMRR 

RS<10KU.  Vcm  =  ±12V 

- 

- 

- 

70 

90 

- 

dB 

Rg  <50KU.  VCM  =  ±12V 

80 

95 

- 

- 

- 

- 

Power  Supply  Rejection 

Ratio 

PSRR 

VCC  =  +15V  to  VCC  =  ±15V 
RS<50Q 

86 

96 

- 

- 

- 

- 

dB 

VCC  =  ±15V  to  Vcc  -  ±15V 
RS<10KU 

_ 

- 

- 

77 

96 

- 

Transient 

Response 

Rise  Time 

Ir 

Unity  Gain 

0.25 

0.8 

- 

0.3 

- 

ps 

Overshoot 

OS 

- 

6.0 

20 

- 

10 

- 

% 

Bandwidth 

BW 

0.43 

1.5 

- 

- 

- 

- 

MHz 

Slew  Rate 

SR 

Unity  Gain 

0.3 

0.7 

- 

- 

0.5 

- 

V/ps 

Supply  Current 

'cc 

Rl  = 

- 

- 

- 

1.5 

2.8 

mA 

Power  Consumption 

Pc 

Vcc  =  ±20  V 

- 

80 

150 

- 

- 

- 

mW 

VCC  =  ±15V 

- 

- 

- 

- 

50 

85 

LIFE  SUPPORT  POLICY 

FAIRCHILD'S  PRODUCTS  ARE  NOT  AUTHORIZED  FOR  USE  AS  CRITICAL  COMPONENTS  IN  LIFE  SUPPORT  DEVICES 
OR  SYSTEMS  WITHOUT  THE  EXPRESS  WRITTEN  APPROVAL  OF  THE  PRESIDENT  OF  FAIRCHILD  SEMICONDUCTOR 
INTERNATIONAL.  As  used  herein: 


1 .  Life  support  devices  or  systems  are  devices  or  systems 
which,  (a)  are  intended  for  surgical  implant  into  the  body, 
or  (b)  support  or  sustain  life,  and  (c)  whose  failure  to 
perform  when  properly  used  in  accordance  with 
instructions,  for  use  provided  in  the  labeling,  can  be 
reasonably  expected  to  result  in  a  significant  injury  of  the 
user 

FIGURE  15.27  KA741  specification  sheet.  (Courtesy  of  Fairchild  Semiconductor.  Used 
by  permission.) 


2.  A  critical  component  in  any  component  of  a  life  support 
device  or  system  whose  failure  to  perform  can  be 
reasonably  expected  to  cause  the  failure  of  the  life  support 
device  or  system,  or  to  affect  its  safety  or  effectiveness. 


15.3.13  Op-Amp  Classifications 

The  KA741  is  classified  as  a  general-purpose  op-amp,  meaning  that  it  is  well  suited  for 
many  of  the  most  common  op-amp  applications.  While  most  op-amps  fall  into  this  cate¬ 
gory,  some  op-amps  are  designed  for  specific  applications. 

High-current  op-amps  are  designed  to  produce  high  output  currents.  For  example,  the 
TCA0372  can  provide  a  1  A  output.  High-current  op-amps  tend  to  have  higher  slew  rates 
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op-amp  supply  voltage. 
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than  general-purpose  components,  so  they  can  be  operated  at  higher  frequencies.  They  are 
also  capable  of  providing  relatively  high  voltage  gain  even  at  low  values  of  load  resistance. 

High-speed  op-amps  are  designed  to  have  high  slew  rates.  For  example,  the  MC33071 
has  a  slew  rate  of  13  V/p,s.  When  you  compare  this  value  to  the  slew  rate  listed  in  Figure 
15.27,  you  can  see  that  the  MC33071  is  approximately  26  times  as  fast  as  the  KA741  (at 
a  given  peak  output  voltage).  Note  that  high-speed  op-amps  tend  to  have  lower  A0 l  rat¬ 
ings  than  general-purpose  components. 

Low-power  op-amps  are  designed  to  draw  little  power  supply  current  when  no  active 
signal  is  applied.  For  example,  the  MC33171  draws  only  180  p.A  from  the  dc  power  sup¬ 
ply  in  its  quiescent  state.  In  contrast,  Figure  15.27  shows  that  the  KA741  typically  draws 
1.5  mA  from  its  dc  power  supply.  As  such,  low-power  op-amps  are  better  suited  than 
general-purpose  components  for  use  in  battery-powered  circuits  and  systems.  Note  that 
low-power  op-amps  have  lower  output  current  ratings  than  general-purpose  components. 
As  a  result,  they  are  more  severely  affected  by  changes  in  load  current  demand. 

The  input  voltage  range  and  maximum  output  for  most  op-amps  are  limited  to  values 
lower  than  the  power  supply  voltages.  For  example,  the  spec  sheet  in  Figure  15.27  shows 
the  following  limits  when  the  supply  voltages  are  ±  15  V: 

Input  voltage  range :  Vl(R)  =  ±  13  V 

Output  voltage  swing:  V0(p.p)  =  ±  14  V 

As  these  values  show,  the  input  and  output  voltage  limits  are  lower  than  the  supply  volt¬ 
ages  (±15  V).  A  rail-to-rail  op-amp  is  designed  to  allow  rail-to-rail  operation.  The  term 
rail  is  used  in  reference  to  the  op-amp  supply  voltages.  As  such,  rail-to-rail  operation 
means  the  input  and  output  voltages  can  come  much  closer  to  the  values  of  +  V  and  —  V. 
For  example,  the  MC33204  has  the  following  capabilities: 

1.  The  inputs  can  be  driven  as  high  as  200  mV  beyond  each  rail. 

2.  The  output  swings  can  come  within  50  mV  of  the  rails. 

As  such,  the  component  is  capable  of  making  full  use  of  the  voltage  range  between  +  V 
and  -  V. 


1.  Describe  the  differential  amplifier’s  response  to  an  input  signal  at  its  inverting  input. 

2.  Describe  the  differential  amplifier’s  response  to  an  input  signal  at  its  noninverting  input. 

3.  What  is  input  offset  voltage ? 

4.  What  is  output  offset  voltage'! 

5.  What  effect  does  the  offset  null  control  have  on  the  input  offset  voltage  and  output 
offset  voltage?  Explain  your  answer. 

6.  What  is  input  offset  current ? 

7.  What  is  input  bias  current ?  What  restriction  does  input  bias  current  place  on  the 
wiring  of  an  op-amp? 

8.  What  are  common-mode  signals ? 

9.  What  is  the  common-mode  rejection  ratio  ( CMRR)1  Why  is  a  high  CMRR  consid¬ 
ered  desirable? 

10.  What  is  the  power  supply  rejection  ratio ? 

11.  What  is  the  output  short-circuit  current  rating? 

12.  Discuss  the  relationship  between  load  resistance  and  maximum  output  voltage  swing 
in  terms  of  the  output  short-circuit  current  rating. 

13.  What  is  slew  rate ?  What  circuit  parameter  is  limited  by  the  op-amp  slew  rate? 

14.  What  is  the  result  of  trying  to  operate  an  op-amp  beyond  its  slew  rate  limit? 

15.  Define  each  of  the  following  op-amp  characteristics: 

a.  Input  voltage  range 

b.  Large-signal  voltage  range 
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c.  Supply  current  rating 

d.  Power  consumption  rating 

16.  Briefly  describe  each  type  of  op-amp  listed: 

a.  High-current 

b.  High-speed 

c.  Low-power 

d.  Rail-to-rail 


15.4  Inverting  Amplifiers 


In  most  of  our  examples,  we  have  used  an  op-amp  circuit  that  contains  a  single  input  A  OBJECTIVE  9 
resistor  (Rin)  and  a  single  feedback  resistor  (Rf).  This  circuit  is  the  inverting  amplifier, 
which  is  the  op-amp  counterpart  of  the  common-emitter  and  common-source  circuits. 

The  operation  of  the  inverting  amplifier  is  illustrated  in  Figure  15.28. 

The  key  to  the  operation  of  the  inverting  amplifier  lies  in  the  differential  input  circuit  of 
the  op-amp.  Assuming  that  the  op-amp  input  transistors  are  perfectly  matched,  Vi  and  V2 
(Figure  15.28a)  are  always  approximately  equal  to  each  other.  They  may  differ  by  a  few 
millivolts,  but  that  is  all. 

Now,  let’s  idealize  the  op-amp  input  circuit  for  a  moment.  For  the  sake  of  discussion, 
we  will  assume  that  V,  and  V2  are  exactly  equal.  With  this  in  mind,  look  at  the  circuit 
shown  in  Figure  15.28b.  If  the  voltages  at  the  two  inputs  are  equal  and  the  noninverting 
input  is  grounded,  the  inverting  input  to  the  op-amp  is  also  at  ground.  Remember,  this  vir¬ 
tual  ground  is  caused  by  the  fact  that  V{  and  V2  are  approximately  equal  and  the  nonin¬ 
verting  input  is  grounded. 


Inverting  amplifier 

A  basic  op-amp  circuit  that 
produces  a  1 80°  signal  phase 
shift.  The  op-amp  counterpart 
of  the  common-emitter  and 
common-source  circuits. 


+  V 


(a) 


Rf 


(b) 


Lab  Reference:  The  operation  of 
the  inverting  amplifier  is 
demonstrated  in  Exercise  22. 


FIGURE  15.28  Inverting  amplifier  operation. 


(c) 
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The  value  of  Av  for  an  inverting 
amplifier  is  often  written  as  a 
negative  value  to  indicate  the 


Lab  Reference:  The  relationship 
between  the  resistor  values  and 
voltage  gain  is  demonstrated  in 
Exercise  22. 


Closed-loop  voltage  gain 

0*1  cl) 

The  voltage  gain  of  an  op-amp 
with  a  feedback  path;  always 
lower  than  the  value  of  A0l- 


With  the  inverting  input  of  the  op-amp  at  virtual  ground,  the  input  voltage  can  be  mea¬ 
sured  across  Rin.  Also,  the  output  voltage  can  be  measured  across  Rf.  These  relationships 
are  illustrated  in  Figure  15.28b. 

Since  vout  appears  across  the  feedback  resistor,  its  value  can  be  found  as 


Vout  (/A/ 

Since  vin  appears  across  the  input  resistor,  its  value  can  be  found  as 


(15.8) 


Vin  =  Min  (15-9) 

Since  an  op-amp  has  extremely  high  input  resistance  (as  shown  in  Figure  15.28c), 
it  has  almost  zero  input  current.  Therefore,  iin  =  if,  and  equation  (15.8)  can  be  rewrit¬ 
ten  as 

Vm„  =  Mr  (15.10) 

As  you  know,  voltage  gain  (Av)  is  found  as  the  ratio  of  output  voltage  to  input  voltage. 
By  formula, 


Since  vou,  =  ('inland  vin  =  imRm,  the  above  equation  can  be  rewritten  as 


or 


Rf 

A,  =  --  (15.11) 

For  the  inverting  amplifier,  you  need  only  divide  the  value  of  Rf  by  the  value  of  Rm  to 
determine  the  approximate  voltage  gain  of  the  amplifier.  In  fact,  if  you  look  back  at 
Examples  15.2  and  15.3,  you’ll  see  where  the  “assumed”  values  of  voltage  gain  came 
from.  In  each  case,  the  assumed  value  of  Av  equals  Rf/Rm- 

Now  that  we  have  discussed  a  basic  op-amp  circuit,  we  can  give  practical  meaning 
to  a  few  terms.  The  open-loop  voltage  gain  (AOL)  of  an  op-amp  is  the  gain  that  is  mea¬ 
sured  when  there  is  no  feedback  path  (physical  connection)  between  the  output  and  the 
input  of  the  circuit.  When  a  feedback  path  is  present  (such  as  the  Rf  connection  in  the 
inverting  amplifier),  the  resulting  voltage  gain  is  referred  to  as  the  closed-loop  voltage 
gain  (AC[J. 

15.4.1  Amplifier  Input  Impedance 

While  the  op-amp  has  an  extremely  high  input  impedance,  the  inverting  amplifier  does 
not.  The  reason  for  this  can  be  seen  by  referring  to  Figure  15.28b.  As  this  figure  shows, 
the  voltage  source  “sees”  an  input  resistance  ( Rm )  that  is  going  to  (virtual)  ground.  Thus, 
the  input  impedance  for  the  inverting  amplifier  is  found  as 


%  ?  Rin  (15.12) 

The  value  of  Rin  is  always  much  lower  than  the  input  impedance  of  the  op-amp.  There¬ 
fore,  the  overall  input  impedance  of  an  inverting  amplifier  is  also  much  lower  than  the 
op-amp  input  impedance. 
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15.4.2  Amplifier  Output  Impedance 

If  you  look  at  the  circuit  shown  in  Figure  15.29,  you  can  see  that  the  output  impedance 
of  the  inverting  amplifier  is  the  parallel  combination  of  Rf  and  the  output  impedance  of 
the  op-amp  itself.  Since  Rf  is  normally  much  greater  than  the  value  of  Zout  for  the  op- 
amp,  the  output  impedance  of  the  circuit  is  usually  assumed  to  equal  the  Zout  rating  of 
the  op-amp. 


FIGURE  15.29  Output  impedance. 


15.4.3  Amplifier  CMRR 

In  the  last  section,  the  common-mode  rejection  ratio  (CMRR)  of  an  op-amp  was  defined  as 
the  ratio  of  differential  gain  to  common-mode  gain  (ACM).  Since  the  differential  gain 
of  the  inverting  amplifier  (ACL)  is  much  lower  than  the  differential  gain  of  the  op-amp 
(Aol),  the  CMRR  of  the  inverting  amplifier  is  typically  much  lower  than  that  of  the  op-amp. 

The  CMRR  of  the  inverting  amplifier  is  found  as  the  ratio  of  closed-loop  gain  to 
common-mode  gain.  By  formula, 


A 

CMRR  = 

ACm 


(15.13) 


where  ACL  =  the  closed-loop  voltage  gain  of  the  inverting  amplifier 
Acm  =  the  common-mode  gain  of  the  op-amp 

Even  though  the  CMRR  of  an  inverting  amplifier  is  always  lower  than  that  of  the  op- 
amp,  it  is  still  extremely  high  in  most  cases.  This  point  is  illustrated  in  the  upcoming 
example. 


15.4.4  Inverting  Amplifier  Analysis 

The  complete  analysis  of  an  inverting  amplifier  involves  determining  the  circuit  values  of 
Acl>  Zin,  Zout,  CMRR,  and/max.  The  complete  analysis  of  an  inverting  amplifier  is  demon¬ 
strated  in  Example  15.7. 


EXAMPLE  15.7 


Perform  a  complete  analysis  of  the  circuit  shown  in  Figure  15.30. 

Solution:  First,  the  closed-loop  voltage  gain  (ACL)  of  the  circuit  is  found  as 


Rf  100  kf). 
CL  R,„  10  kO 


10 


Common-mode  gain  (ACM) 
The  gain  a  differential  amplifier 
provides  to  common-mode 
signals. 


A  Practical  Consideration: 
Most  op-amp  spec  sheets  do 
not  provide  a  value  ACM. 
Rather,  they  list  values  of  ADl 
and  CMRR.  When  this  is  the 
case,  the  value  of  Acm  can  be 
obtained  using 
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Op-amp  parameters 
^cm=  0.001 

yA0L=  180,000 

Zm  =  1  MCI 

Zout  =  80  Cl  (maximum) 

Slew  rate  =  0.5  V/ps 


FIGURE  15.30 


The  circuit  input  impedance  is  found  as 

Zto  a  Ria  =  lOkft 

The  circuit  output  impedance  is  slightly  lower  than  the  output  impedance  of  the 
op-amp,  80  fl  (maximum). 

The  CMRR  of  the  circuit  is  found  as 


ACx 

CMRR  =  = 

ACm 


10 

0.001 


=  10,000 


To  calculate  the  maximum  operating  frequency  for  the  inverting  amplifier,  we 
need  to  determine  its  peak  output  voltage.  With  values  of  vin  =  1  VPP  and  ACL  =10, 
the  peak-to-peak  output  voltage  is  found  as 

vout  =  ACLvin  -  (10)(1  VPP)  =  10  Vpp 


The  peak  output  voltage  is  half  the  peak-to-peak  value,  5  Vpk.  Using  this  peak  out¬ 
put  value,  the  maximum  operating  frequency  is  found  as 


fm 


slew  rate  _  0.5  V/(xs  _  500  kHz 
31.42  V  ~  31.42 


2irV, 


=  15.9  kHz 


pk 


Practice  Problem  15.7 

An  op-amp  has  the  following  parameters:  ACM  =  0.02,  Aoh  =  150,000,  Zin  = 
1.5  MO,  Zout  =  50  il  (maximum),  and  slew  rate  —  0.75  V/pus.  The  op-amp  is  used 
in  an  inverting  amplifier  with  ±  12  V  supply  voltages  and  values  of  vin  =  50  mVPP, 
Rf  =  250  kfl,  and  Rm  =  1  kfl.  Perform  the  complete  analysis  of  the  circuit. 


15.4.5  Other  Inverting  Amplifier  Configurations 

In  this  section,  we  have  covered  only  the  simplest  of  the  inverting  amplifiers.  While  the  cal¬ 
culations  of  gain,  input  impedance,  and  output  impedance  may  vary  with  different 
configurations,  the  calculations  of /max  and  CMRR  do  not.  You  will  also  see  that  the  various 
inverting  amplifiers  all  have  the  characteristic  180°  voltage  phase  shift  from  input  to  output. 


1.  Explain  why  the  voltage  gain  of  an  inverting  amplifier  (ACL)  is  equal  to  the  ratio  of 
Rf  to  Rin. 

2.  Why  is  the  input  impedance  of  an  inverting  amplifier  lower  than  the  input  impedance 
of  the  op-amp? 
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3.  Why  isn’t  the  value  of  Rf  normally  considered  in  the  output  impedance  calculation 
for  an  inverting  amplifier? 

4.  Why  is  the  CMRR  ratio  of  an  inverting  amplifier  lower  than  that  of  its  op-amp? 

5.  List,  in  order,  the  steps  involved  in  performing  the  complete  analysis  of  an  inverting 
amplifier. 

6.  Keeping  equation  (15.12)  in  mind,  how  would  you  go  about  increasing  the  voltage  ◄  Critical  Thinking 
gain  of  an  inverting  amplifier?  Explain  your  answer. 

7.  Refer  to  Example  15.7.  What  effect  would  increasing  the  circuit  value  of  Rm  have  on 
each  of  the  values  calculated  in  the  example? 


15.5  Noninverting  Amplifiers 


The  noninverting  amplifier  has  most  of  the  characteristics  of  the  inverting  amplifier,  ◄  OBJECTIVE  10 
with  two  exceptions: 

1.  The  noninverting  amplifier  has  much  higher  circuit  input  impedance. 

2.  The  noninverting  amplifier  does  not  produce  a  180°  voltage  phase  shift  from  input 
to  output.  Thus,  the  input  and  output  signals  are  in  phase. 

The  basic  noninverting  amplifier  is  shown  in  Figure  15.31.  Note  that  the  input  is  applied 
to  the  noninverting  op-amp  input,  and  the  input  resistor  (Rm)  is  returned  to  ground. 


Noninverting  amplifier 

An  op-amp  cicuit  with  no 
signal  phase  shift. 


R, 


FIGURE  15.31  Noninverting  amplifier. 


Lab  Reference:  The  operation  of 
the  noninverting  amplifier  is 
demonstrated  in  Exercise  23. 


Because  the  input  signal  is  applied  to  the  noninverting  terminal,  we  must  calculate  the 
gain  of  this  circuit  differently.  We  will  start  our  discussion  of  circuit  gain  by  again  assum¬ 
ing  that  V!  =  v2  and  that  the  currents  through  Rm  and  Rf  are  equal.  Since  v,  =  v2  and  v2  = 
vin,  we  can  state  the  following  relationship: 


(15.14) 


Don ’t  Forget: 

Vj  is  the  voltage  at  the  inverting 
input  of  the  op-amp,  and  v2  is 
-the  y^^eat^.rtqniBV^Jif 


Note  that  this  is  different  from  the  relationship  of  v,  =  0  V  stated  for  the  inverting  ampli¬ 
fier  with  a  grounded  (+)  input.  Once  again,  we  have  vin  measured  across  Rin,  and  im  can 
be  found  as 


.  _ 

_  R,n 


or 
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Since  the  voltage  across  Rf  is  equal  to  the  difference  between  vin  and  vout  and  f  —  iin,  we 
can  state  that  the  current  through  the  resistor  is  found  as 


^'in 

if- 

Rf 

and 

^OUt 

hn^f  ^in 

Now,  we  can  use  the  established  equations  to  define  ACL  as 


^CL 


Vqu. 

vin 


haRf  hn^ki  hnfy  hnRi 
~  + 


I'mRin 


hnR'm  hn/?jn 


(15.15) 


or 

•  Rf 

Acl  r  +  1  (15-16) 

*Mn 

where  AC[_  is  the  closed-loop  voltage  gain  of  the  amplifier.  Thus,  the  voltage  gain  of  a 
noninverting  amplifier  is  always  greater  than  the  gain  of  a  similar  inverting  amplifier  by  a 
value  of  1.  If  an  inverting  amplifier  has  a  voltage  gain  of  150,  a  similar  noninverting 
amplifier  has  a  voltage  gain  of  151. 


15.5.1  Amplifier  Input  and  Output  Impedance 

Since  the  input  signal  is  applied  directly  to  the  op-amp,  the  noninverting  amplifier  has 
extremely  high  input  impedance.  In  fact,  the  presence  of  the  feedback  network  causes  the 
amplifier  input  impedance  to  be  even  greater  than  the  input  impedance  of  the  op-amp  in 
most  cases.  This  point  is  discussed  in  detail  later  in  this  chapter. 

The  output  impedance  of  the  noninverting  amplifier  is  always  less  than  (or  approxi¬ 
mately  equal  to)  the  output  impedance  of  the  op-amp,  as  is  the  case  with  the  inverting 
amplifier. 

The  extremely  high  input  impedance  and  extremely  low  output  impedance  of  the  non¬ 
inverting  amplifier  makes  the  circuit  very  useful  as  a  buffer.  You  may  recall  that  buffers 
like  the  emitter  follower  and  the  source  follower  can  be  used  to  match  a  voltage  source  to  a 
low-impedance  load.  The  noninverting  amplifier  can  be  used  for  the  same  purpose.  The 
primary  difference  is  that  the  noninverting  amplifier  is  capable  of  high  voltage  gain  values, 
while  the  emitter  follower  and  the  source  follower  have  Av  values  that  are  less  than  1 . 


15.5.2  Noninverting  Amplifier  Analysis 

The  complete  analysis  of  the  noninverting  amplifier  is  nearly  identical  to  that  of  the 
inverting  amplifier.  The  values  of  Zout,  CMRR,  and  /max  are  found  using  the  same  equa¬ 
tions  we  used  for  the  inverting  amplifier.  The  values  of  ACL  and  Zin  are  found  using  the 
equations  and  principles  established  in  this  section.  The  complete  analysis  of  the  non¬ 
inverting  amplifier  is  demonstrated  in  Example  15.8. 


EXAMPLE  15.8 _ 

Perform  the  complete  analysis  of  the  noninverting  amplifier  shown  in  Figure  15.32. 
Solution:  The  closed-loop  voltage  gain  (ACL)  of  the  circuit  is  found  as 


lCL 


R, 

i+1 


lOOkft 

io  kn 


+  i  =  n 
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R, 

lOOkft 


A/W 


Op-amp  parameters 


+18  V 


^cm~  0-001 

A0L  =  180,000 

Zm  =  1  Mil 

Zout  =  80  fl  (maximum) 

Slew  rate  =  0.5  V/ps 


FIGURE  15.32 


The  circuit  values  of  Zin  and  Zout  are  determined  by  the  op-amp  ratings.  Using  the 
ratings  shown  in  the  figure,  we  can  assume  the  amplifier  has  values  of  Zin  > 
1  Mfl  and  Zout  <  80  0. 

The  CMRR  for  the  circuit  is  found  as 


11,000 


To  determine  the  value  of/max,  we  need  to  calculate  the  peak  output  voltage  for 
the  amplifier.  The  peak-to-peak  output  voltage  is  found  as 


11  V, 


pp 


The  peak  output  voltage  is  one-half  of  this  value,  5.5  Vpk.  Using  this  value  and  the 
slew  rate  shown  in  the  figure,  the  value  of/max  is  found  as 


Practice  Problem  15.8 

The  circuit  described  in  Practice  Problem  15.7  is  wired  as  a  noninverting  amplifier. 
Perform  a  complete  analysis  on  the  new  circuit. 


The  circuit  values  and  op-amp  parameters  used  in  Example  15.8  are  identical  to  those 
used  for  the  inverting  amplifier  in  Example  15.7.  The  results  found  in  the  two  examples 
are  summarized  below. 

Value  Inverting  Amplifier  Noninverting  Amplifier 

ACl  10  11 

Zin  1  kfl  1  Mfl  (minimum) 

Zout  80  fl  (maximum)  80  fl  (maximum) 

CMRR  10,000  11,000 

/max  15.9  kHz  14.47  kHz 


As  you  can  see,  the  noninverting  amplifier  has  slightly  greater  values  of  ACL  and  CMRR. 
It  also  has  a  much  greater  value  of  input  impedance.  At  the  same  time,  the  inverting 
amplifier  has  a  slightly  greater  maximum  operating  frequency.  This  is  due  to  the  higher 
peak  output  voltage  of  the  comparable  noninverting  amplifier.  Figure  15.33  summarizes 
the  operation  of  the  noninverting  and  inverting  amplifiers. 


◄  OBJECTIVE  11 


Section  15.5  Noninverting  Amplifiers 


627 


FIGURE  15.33 


Voltage  follower 

The  op-amp  counterpart  of  the 

emitter  follower  and  the  source 

follower.  _______ 


15.5.3  The  Voltage  Follower 

If  we  remove  Rin  and  Rj  from  the  noninverting  amplifier  and  short  the  output  of  the  ampli¬ 
fier  to  the  inverting  input,  we  have  a  voltage  follower.  This  circuit,  which  is  the  op-amp 
counterpart  of  the  emitter  follower  and  source  follower,  is  shown  in  Figure  15.34.  You 
may  recall  that  the  characteristics  of  the  emitter  and  source  followers  are  as  follows: 

1.  High  Zin  and  low  Zout 

2.  Av  that  is  less  than  1 

3.  Input  and  output  signals  that  are  in  phase 

Characteristics  1  and  3  are  accomplished  by  using  an  op-amp  in  a  noninverting  circuit 
configuration.  The  voltage  gain  for  the  voltage  follower  is  calculated  as 


R/  0  Cl 

^cl  -  +  1  —  TT-  +1“1 

“in  *Mn 
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FIGURE  15.34  Voltage  follower. 


This  result  is  based  on  the  fact  that  Rf  =  0  O.  Simple  enough?  (If  you  think  that  calculat¬ 
ing  ACLfor  this  circuit  is  easy,  wait  until  you  try  troubleshooting  it!) 

The  values  of  Zin,  Zout,  and  /max  for  the  voltage  follower  are  calculated  using  the  same 
equations  we  used  for  the  basic  noninverting  amplifier.  Since  ACL  =  1  for  the  voltage  fol¬ 
lower,  the  circuit  CMRR  is  found  using 

(15.17) 

As  Example  15.9  demonstrates,  the  voltage  follower  is  by  far  the  easiest  op-amp  circuit  to 
analyze. 

EXAMPLE  15.9 _ 

Perform  the  complete  analysis  of  the  voltage  follower  in  Figure  15.35. 


Solution:  For  the  voltage  follower, 

A  cl  =  1 

The  values  of  Zin  and  Zout  are  equal  to  the  rated  values  for  the  op-amp,  1  MO  and 
80  O  (maximum),  respectively.  The  CMRR  of  the  circuit  is  found  as 


Since  ACL  =  1  for  the  circuit,  vout  =  vin.  Thus,  the  peak  output  voltage  is  half  of 
6  VPP,  or  3  Vpk,  and/max  is  found  as 
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Practice  Problem  15.9 

The  op-amp  described  in  Practice  Problem  15.7  is  used  in  a  voltage  follower  with 
±14  V  supply  voltages  and  a  12  VPP  input.  Perform  the  complete  analysis  of  the 
amplifier. 


As  you  can  see,  a  voltage  follower  has  significantly  lower  ACL  and  CMRR  values  and 
a  higher  maximum  operating  frequency  than  a  comparable  “standard"  noninverting 
amplifier. 


Section  Review  ►  1.  How  do  you  calculate  the  value  of  ACL  for  a  noninverting  amplifier? 

2.  How  do  you  determine  the  values  of  Zin  and  Zout  for  a  noninverting  amplifier? 

3.  How  do  you  determine  the  values  of  CMRR  and  /max  for  a  noninverting  amplifier? 

4.  Compare  and  contrast  the  inverting  amplifier  with  the  noninverting  amplifier. 

5.  Describe  the  gain  and  impedance  characteristics  of  the  voltage  follower. 


15.6  Troubleshooting  Basic  Op-Amp  Circuits 


From  the  technician’s  viewpoint,  op-amp  circuits  are  a  dream  come  true.  Basic  op-amp 
circuits  have  up  to  three  components  that  can  become  faulty,  and  each  fault  has  distinct 
symptoms.  For  example,  consider  the  circuit  shown  in  Figure  15.36.  Assuming  that  the 
load,  source,  and  dc  power  supplies  are  goood,  only  three  components  could  cause  a 
given  fault:  Rm,  Rf,  and  the  op-amp  itself.  Let’s  take  a  look  at  what  happens  when  one  of 
the  resistors  goes  bad. 


FIGURE  15.36 


OBJECTIVE  12  ► 


Lab  Reference:  Typical  fault 
symptoms  for  the  inverting  and 
noninverting  amplifiers  are 
simulated  in  Exercises  22 
and  23.  _ 


15.6.1  Rf  Open 

When  the  feedback  resistor  opens,  the  entire  feedback  network  is  effectively  removed 
from  the  circuit.  This  causes  the  gain  of  the  amplifier  to  increase  from  ACL  to  the  open- 
loop  voltage  gain  of  the  op-amp  (AOL)-  If  we  assume  that  the  op-amp  in  Figure  15.36 
has  a  value  of  AOL  =  200,000,  an  open  feedback  resistor  would  cause  the  gain  of  the 
circuit  to  increase  from  30  to  200,000.  The  result  of  this  increase  in  gain  is  shown 
in  Figure  15.37. 

Figure  15.37a  shows  the  normal  output  from  the  circuit  shown  in  Figure  15.36.  As  you 
can  see,  the  signal  is  a  clear,  unclipped  sine  wave.  The  waveform  shown  in  Figure  15.37b 
is  the  result  of  Rf  opening.  The  gain  of  the  amplifier  has  become  so  great  that  the  output 
waveform  is  clipped  on  both  the  positive  and  negative  alternations.  This  output  waveform 
is  classic  for  an  open  feedback  loop. 
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(a)  Normal  output  waveform  for  the  circuit  in  Figure  15.36  (b)  Output  waveform  for  the  circuit  in  Figure  15.36  with  R:  open 

FIGURE  15.37  Effect  of  an  open  Rf  on  the  inverting  amplifier  output. 


15.6.2  Rin  Open 


This  fault  is  an  interesting  one.  You  would  think  that  an  open  Rm  would  simply  block  the 
input  signal,  and  that  the  output  would  therefore  go  to  0  V.  However,  this  may  not  be  the 
case.  Let’s  take  a  look  at  the  circuit  you  have  when  Rm  opens.  This  circuit  is  shown  in 
Figure  15.38. 

For  now,  we  will  assume  that  the  output  from  this  circuit  is  equal  to  +  V  at  the  moment 
when  /?,  opens.  Here’s  what  can  happen: 

1.  A  positive  signal  is  fed  back  to  the  inverting  input  from  the  output  via  Rf. 

2.  The  positive  inverting  input  causes  the  output  from  the  amplifier  to  go  negative 
toward  —  V. 

3.  A  negative  signal  is  now  fed  back  to  the  inverting  input  from  the  output. 

4.  As  the  inverting  input  goes  negative,  the  output  again  goes  positive.  This  takes  the 
amplifier  back  to  step  1. 

The  process  above  repeats  over  and  over,  causing  the  amplifier  to  produce  an  output  sig¬ 
nal  with  no  input  signal.  This  signal  will  be  in  the  low-millivolt  range.  Incidentally,  there 
are  circuits  that  are  designed  to  work  in  the  fashion  described  above.  These  circuits, 
called  oscillators,  are  discussed  in  Chapter  18. 


FIGURE  15.38  Equivalent 
circuit  for  an  inverting 
amplifier  with  open  /?in. 


15.6.3  What  Happens  if  the  Op-Amp  Is  Bad? 


The  answer  to  this  question  depends  on  what  goes  wrong  with  the  op-amp.  If  you  refer 
to  Figure  15.1,  you  will  see  that  there  are  a  lot  of  components  in  the  op-amp  that  could 
go  bad. 

The  best  way  to  determine  that  an  op-amp  is  faulty  is  to  eliminate  all  other  possible 
causes  of  a  circuit  failure.  A  faulty  op-amp  is  most  likely  the  cause  of  a  circuit  failure  when: 

1.  All  the  resistors  in  the  amplifier  are  good. 

2.  All  the  supply  voltages  are  at  their  normal  levels. 

3.  There  are  no  problems  with  the  IC  socket. 


15.6.4  IC  Sockets 

ICs  are  sometimes  placed  into  circuits  using  IC  sockets.  These  sockets  are  used  to  allow 
you  to  remove  and  replace  the  ICs  easily. 

When  IC  sockets  are  used,  a  problem  can  develop.  Sometimes  an  IC  develops  an  oxide 
layer  on  its  pins.  If  this  oxidation  becomes  severe  enough,  it  can  cause  the  circuit  to  have 
an  erratic  output.  The  circuit  may  work  one  minute  and  not  the  next.  When  this  happens, 
remove  the  IC  and  clean  the  pins  and  the  socket  with  contact  cleaner.  This  should  elimi¬ 
nate  the  problem. 

One  more  point:  When  you  replace  an  IC,  make  sure  that  you  put  it  into  the  circuit 
properly.  It  is  very  simple  to  put  an  IC  in  backward  if  you  are  not  paying  attention.  If  you 
do  place  an  IC  in  a  socket  backward  and  apply  power  to  the  circuit,  odds  are  that  you  will 
have  to  replace  that  IC  with  a  new  one. 


Component  Substitution: 

Most  common  op-amps  are 
available  at  any  electronics 
parts  store.  If  an  op-amp  is  bad, 
you  can  generally  replace  it 
with  an  equivalent  from  any  . 
manufacturer.  Equivalent  §| £is 
op-amps  have  the  same 
package,  designator  code.  t 
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Section  Review  ►  1.  What  is  the  primary  symptom  of  an  open  feedback  resistor? 

2.  What  is  the  primary  symptom  of  an  open  input  resistor? 

3.  How  can  you  tell  when  an  op-amp  is  faulty? 


15.7  Op-Amp  Frequency  Response 


You  have  already  been  introduced  to  some  of  the  frequency  considerations  involved  in 
dealing  with  op-amps.  As  a  review,  here  are  some  of  the  major  points  that  were  made 
regarding  the  frequency  response  of  an  op-amp: 

1.  The  slew  rate  of  an  op-amp  is  a  measure  of  how  fast  its  output  voltage  can  change , 
measured  in  volts  per  microsecond  (V/p,s). 

2.  The  maximum  operating  frequency  of  an  op-amp  is  found  as 


fm 


slew  rate 


IttV. 


pk 


Thus,  the  peak  output  voltage  limits  the  maximum  operating  frequency. 

3.  When  the  maximum  output  frequency  of  an  op-amp  is  exceeded,  the  result  is  a 
distorted  output  waveform. 

4.  Increasing  the  operating  frequency  of  an  op-amp  beyond  a  certain  point  will: 

a.  Decrease  the  maximum  output  voltage  swing. 

b.  Decrease  the  open-loop  voltage  gain. 

In  this  section,  we  will  take  a  closer  look  at  the  effect  that  frequency  has  on  the  operation 
of  an  op-amp. 


15.7.1  Frequency  Versus  Gain 


dc  amplifier 

An  amplifier  that  exhibits 
midband  gain  when  operated 
at  0  Hz. 


The  op-amp  is  classified  as  a  dc  amplifier  because  it  has  no  lower  cutoff  frequency.  This 
means  that  the  gain  of  the  component  remains  relatively  constant  down  to  0  Hz,  as  shown 
in  Figure  15.39.  As  frequency  increases  from  0  Hz,  a  point  is  reached  where  the  voltage 
gain  starts  to  decrease.  At  its  upper  cutoff  frequency  (/c2)»  the  voltage  gain  of  an  op-amp 
is  3  dB  lower  than  its  midband  (maximum)  value.  Note  that  the  voltage  gain  of  the  op- 
amp  continues  to  decrease  at  the  standard  rate  of  20  dB  per  decade  above  fc2.  Thus, 
increasing  the  operating  frequency  decreases  the  component  voltage  gain. 


Don ’t  Forget: 

doeyi't  shiiw  the 


A  Ay 

FIGURE  15.39  Op-amp  frequency  response. 
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There  is  another  way  we  can  look  at  this  frequency  versus  gain  relationship:  Decreas¬ 
ing  the  voltage  gain  of  an  op-amp  increases  its  maximum  operating  frequency.  This 
relationship  can  be  demonstrated  using  the  op-amp  frequency-response  curve  shown  in 
Figure  15.40. 


A  Ay 


The  maximum  voltage  gain  on  the  curve  is  the  open-loop  voltage  gain  of  the  compo¬ 
nent  (Aol),  approximately  106  dB  (200,000).  If  you  want  to  operate  the  component  so 
that  Av  =  AOL(max),  you  are  limited  to  a  maximum  operating  frequency  of  approximately 
5  Hz.  Above  this  frequency,  A0l  begins  to  decrease. 

Now,  what  if  we  use  a  feedback  path  that  reduces  the  closed-loop  gain  of  the  amplifier 
to  60  dB?  Figure  15.40  shows  that  fa  =  1  kHz  at  ACL  =  60  dB.  As  you  can  see,  decreas¬ 
ing  the  gain  of  the  amplifier  increases  the  value  of  /C2  of  the  device.  If  fact,  each  time  we 
decrease  ACL  by  20  dB,  we  increase  the  cutoff  frequency  by  one  decade.  The  maximum 
operating  frequency  of  an  op-amp  is  measured  at  ACL  =  0  dB  (unity).  This  frequency  is 
called  the  unity-gain  frequency  (/unity).  For  the  op-amp  represented  by  the  curve  in  Fig¬ 
ure  15.40, /unity  is  approximately  equal  to  1  MHz. 

Since  bandwidth  increases  as  voltage  gain  decreases,  we  can  make  the  following 
statements: 

1.  The  higher  the  gain  of  an  op-amp,  the  narrower  its  bandwidth. 

2.  The  lower  the  gain  of  an  op-amp,  the  wider  its  bandwidth. 

Thus,  we  have  a  gain-bandwidth  trade-off.  If  you  want  a  wide  bandwidth,  you  have  to 
settle  for  lower  gain.  If  you  want  high  gain,  you  have  to  settle  for  a  narrower  bandwidth. 

15.7.2  Gain-Bandwidth  Product 

The  gain-bandwith  product  of  an  amplifier  is  a  constant  that  always  equals  the  unity- 
gain  frequency  of  its  op-amp.  The  gain-bandwith  product  can  be  used  to  determine: 

1.  The  maximum  possible  value  of  ACL  at  a  specified  upper  cutoff  frequency  (/C2). 

2.  The  upper  cutoff  frequency  (/C2)  at  a  specified  value  of  ACL. 

The  relationship  between  ACL,/C2,  and/unity  for  an  amplifier  is  given  as: 

■Acl/c2  =  /unity  (15.18) 


Unity-gain  frequency  (/unity) 
The  maximum  possible  operating 
frequency  for  an  op-amp, 
measured  at  A0L  =  0  dB. 


◄  OBJECTIVE  13 
Gain-bandwidth  product 

A  constant  equal  to  the  unity- 
gain  frequency  of  an  op-amp. 
The  product  of  ACL  and 
bandwidth  is  always 
approximately  equal  to  this 
constant. 
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At  any  frequency,  the  product  of  Ac L  and  fC2  must  equal  the  unity-gain  frequency  of  the 
op-amp.  For  example,  refer  to  Figure  15.40.  As  you  were  shown, /unity  =  1  MHz  for  the 
op-amp  represented  by  the  curve.  At  10  Hz, 

The  values  used  in  these  AciJa  =  (100,000)(10  Hz)  =  1  MHz 

calculations  were  obtained  >  ■. 

At  100  Hz, 

Acl/cz  =  (10,000)(100  Hz)  =  1MHz 

At  1  kHz, 


Acl/c2  =  (1000X1  kHz)  =  1  MHz 


and  so  on.  By  rearranging  equation  (15.18),  we  can  derive  the  following  equations: 


and 


Acl 


/unicy 

fc2 


fc2  ~ 


A 


unity 


*CL 


(15.19) 


(15.20) 


Examples  15.10  and  15.1 1  demonstrate  the  use  of  these  equations. 


EXAMPLE  15.10 _ 

The  LM318  op-amp  has  a  unity-gain  frequency  of  15  MHz.  Determine  the  bandwidth 
of  the  LM318  when  ACL  =  500,  and  the  maximum  value  of  ACL  when  fC2  =  200  kHz. 


Solution:  When  ACL  =  500,  the  value  of  fC2  is  found  as 


_  /unity 

JC2  ~  ~A 

■Acl 


15  MHz 

- -  30  kHz 

5000 


Since  the  op-amp  is  capable  of  operating  as  a  dc  amplifier, 

BW  =fai  =  30  kHz 


When  fcj  =  200  kHz,  the  maximum  value  of  ACL  is  found  as 

t  /unity  15  MHz  _ 

^  ~  ZOOktfe  ■  75 

Practice  Problem  15.10 

An  op-amp  has  a  unity-gain  frequency  of  25  MHz.  What  is  the  bandwidth  of  the 
device  when  ACL  =  200? 


The  greatest  thing  about  using  the  gain-bandwidth  product  is  that  it  allows  us  to  solve 
various  gain-bandwidth  problems  without  the  use  of  a  Bode  plot.  Here's  a  component 
substitution  problem  that  can  be  solved  using  the  gain-bandwidth  product. 

EXAMPLE  15.11 _ 

We  need  to  replace  the  op-amp  in  an  amplifier  that  has  values  of  ACL  =  500  and 
BW  =  80  kHz.  Can  the  LM318  op-amp  be  used  in  this  circuit? 
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Solution:  The  LM318  has  a  value  of/unity  =15  MHz.  Therefore,  any  product  of 
Aa  fC2  must  be  less  than  or  equal  to  this  value  for  the  op-amp  to  be  used.  For  our 
application, 

Acl/o  =  (500)(80  kHz)  =  40  MHz 


Since  this  value  of  Acl/c2  is  greater  than  the  LM318  /unity  rating,  the  LM318  can¬ 
not  be  used  as  a  substitute  for  the  original  component. 

Practice  Problem  15.11 

We  need  to  construct  an  amplifier  with  values  of  ACL  =  52  dB  and  BW  =  10  kHz. 
We  have  an  op-amp  with  a  gain-bandwidth  product  of  5  MHz.  Determine  whether 
the  op-amp  can  be  used  in  this  application. 


15.7.3  Op-Amp  Internal  Capacitance 

If  you  refer  to  the  internal  circuitry  of  the  741  op-amp  shown  in  Figure  15.1,  you’ll  see 
that  the  circuit  contains  an  internal  capacitor,  Ct.  This  capacitor  limits  the  high-frequency 
operation  of  the  component. 

As  frequency  increases,  the  reactance  of  C,  decreases.  As  this  reactance  decreases,  the 
capacitor  acts  more  and  more  like  a  short  circuit.  Eventually,  a  point  is  reached  where  a 
portion  of  the  op-amp  internal  circuitry  is  short  circuited,  effectively  reducing  the  gain  of 
the  amplifier  to  unity.  The  frequency  at  which  this  occurs  is  the  unity-gain  frequency  of 
the  device. 


15.7.4  Determining  the  Value  of /unity 

The  unity-gain  frequency  of  an  op-amp  can  be  determined  in  a  number  of  ways.  Some 
op-amp  spec  sheets  list  an  /unity  rating.  Others  will  simply  list  a  bandwidth  rating.  For 
example,  the  KA741  spec  sheet  (Figure  15.27)  lists  a  bandwidth  rating  of  1.5  MHz.  This 
is  the  unity-gain  frequency  of  the  device. 

When  the  operating  curves  for  an  op-amp  are  available,  the  voltage  gain  versus  operat¬ 
ing  frequency  curve  can  be  used  to  determine  the  value  of/unity.  For  example,  refer  to  the 
frequency-response  curve  in  Figure  15.40.  The  value  of  /unity  for  the  op-amp  equals  the 
gain-bandwidth  product  at  any  point  on  the  curve.  Using  the  values  at/  =  100  kHz, 


/unity  —  (100  kHz)(10)  =  1  MHz 

Note  that  the  value  of  AOL  =  10  (for /  =  100  kHz)  is  indicated  on  the  curve. 

The  value  of/unity  for  an  op-amp  can  be  measured  using  the  following  procedure: 

1.  Set  up  an  inverting  amplifier  with  a  closed-loop  gain  of  100.  (We  use  this  value 
because  it  is  easy  to  construct  with  resistor  values  of  Rj  =  100  k(  i  and  Rm  =  1  kfl.) 

2.  Apply  an  input  signal  to  the  amplifier,  and  increase  the  operating  frequency  until 
fa  is  reached,  that  is,  until  the  peak-to-peak  output  voltage  drops  to  0.707  times  the 
midband  value. 

3.  Take  the  measured  value  of  fC2  and  plug  it  into  the  following  equation: 


/unity  —  100/h 

Note  that  this  equation  is  simply  a  form  of  equation  (15.18)  with  an  assumed  voltage  gain 
of  100. 


15.7.5  One  Final  Point 

As  you  can  see,  the  bandwidth  calculations  for  the  op-amp  are  much  simpler  than  those 
for  the  BJT  and  FET  amplifiers.  This  is  another  of  the  many  advantages  that  op-amp  cir¬ 
cuits  have  over  discrete  amplifiers. 
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Section  Review  ► 


1.  What  is  the  relationship  between  slew  rate  and  maximum  operating  frequency? 

2.  What  is  the  relationship  between  peak  output  voltage  and  maximum  operating 
frequency? 

3.  What  is  the  relationship  between  op-amp  operating  frequency  and  voltage  gain? 

4.  What  is  gain-bandwidth  product ? 

5.  How  can  the  voltage  gain  versus  operating  frequency  curve  for  an  op-amp  be  used  to 
determine  the  value  of /uniIy  for  the  device? 

6.  How  can  the  value  of/unity  for  an  op-amp  be  measured? 


15.8  Negative  Feedback 


As  you  know,  feedback  is  a  term  that  describes  the  process  of  providing  a  signal  path 
from  the  output  of  a  circuit  back  to  its  input.  For  example,  take  a  look  at  the  op-amp  cir¬ 
cuit  shown  in  Figure  15.41.  The  feedback  resistor  (Rf)  used  in  the  amplifier  provides  a 
signal  path  from  the  output  of  the  op-amp  back  to  its  input.  The  effect  that  feedback  has 
on  the  operation  of  the  circuit  depends  on  a  number  of  factors,  as  you  will  be  shown  in 
this  section. 


AA/v 


-v 

FIGURE  15.41  Op-amp  feedback  path. 


15.8.1  Negative  Versus  Positive  Feedback 


OBJECTIVE  14  ► 

Negative  feedback 

A  type  of  feedback  in  which  the 
feedback  signal  is  180°  out  of 
phase  with  the  input  signal. 


Positive  feedback 
A  type  of  feedback  in  which  the 
feedback  signal  is  in  phase  with 
the  input  signal. 


Oscillator 

A  circuit  that  converts  dc  to  a 
sinusoidal  (or  other)  waveform. 


Feedback  is  generally  classified  as  either  negative  or  positive.  Negative  feedback  pro¬ 
vides  a  feedback  signal  that  is  1 80°  out  of  phase  with  the  input  signal.  One  method  of 
obtaining  negative  feedback  is  illustrated  in  Figure  15.42.  In  the  circuit  shown,  the  ampli¬ 
fier  is  providing  a  180°  voltage  phase  shift,  but  the  feedback  network  is  not.  The  result  is 
that  that  total  voltage  phase  shift  around  the  loop  is  180°,  and  the  feedback  signal  is  out 
of  phase  with  the  input  signal.  The  same  result  can  be  achieved  by  using  an  amplifier  with 
a  0°  phase  shift  and  a  feedback  network  with  a  180°  phase  shift. 

Positive  feedback  provides  a  feedback  signal  that  is  in  phase  with  the  circuit  input. 
One  method  of  obtaining  positive  feedback  is  represented  in  Figure  15.43.  In  this  case, 
the  amplifier  and  the  feedback  network  each  introduce  a  180°  voltage  phase  shift  into  the 
loop.  This  results  in  a  total  voltage  phase  shift  of  360°  (or  0°),  and  the  feedback  signal  is 
in  phase  with  the  circuit  input.  The  same  result  can  be  achieved  using  an  amplifier  and 
feedback  network  that  each  introduce  a  0°  phase  shift.  In  either  case,  the  feedback  signal 
and  input  signals  are  in  phase. 

Positive  feedback  is  used  in  a  special  type  of  amplifier  called  an  oscillator.  An  oscilla¬ 
tor  is  a  circuit  that  converts  dc  to  a  sinusoidal  (or  other)  output  waveform.  We  will  discuss 
the  operation  and  applications  of  oscillators  in  Chapter  18.  In  this  section,  we  concentrate 
on  the  effects  of  negative  feedback  on  amplifier  operation. 
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FIGURE  15.42  Obtaining  negative  feedback. 


FIGURE  15.43  Obtaining  positive  feedback. 


15.8.2  Inverting  Amplifier  Operation 

The  feedback  resistor  (Rf)  in  an  inverting  amplifier  forms  a  negative  feedback  network.  When 
a  negative  feedback  network  is  connected  to  an  op-amp,  it  results  in  a  decrease  in  voltage 
gain  and  an  increase  in  operating  bandwidth.  This  point  is  illustrated  in  Figure  15.44. 

Figure  15.44a  shows  an  inverting  amplifier  with  no  feedback  path.  Without  the  feed¬ 
back  path,  the  voltage  gain  of  the  circuit  is  equal  to  the  open-loop  voltage  gain  (AOL)  of 
the  op-amp.  In  this  case,  Av  =  AOL  =  200,000.  With  a  unity-gain  frequency  rating  of 
3  MHz,  the  bandwidth  of  the  circuit  is  found  as 


BW  = 


./unity  3  MHz 

“  200,000 


=  15  Hz 


When  a  negative  feedback  path  is  added  to  the  op-amp  (as  shown  in  Figure  15.44b), 
the  voltage  gain  and  bandwidth  of  the  circuit  are  found  as 


^CL  *  W- 


loo  kn 

lkft 


100 


(40  dB) 


◄  OBJECTIVE  15 


The  discussion  here  is 
consistent  with  the  earlier 
discussion  on  op-amp  „ 
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FIGURE  15.44 


R, 

iookn 


and 


BW 


/unity 

^CL 


3  MHz 

—  =  30  kHz 
100 


As  you  can  see,  the  addition  of  a  negative  feedback  path  results  in: 

1.  A  decrease  in  voltage  gain. 

2.  An  increase  in  bandwidth. 

This  is  always  the  case  when  negative  feedback  is  used. 

15.8.3  Noninverting  Amplifier  Operation 

In  terms  of  voltage  gain  and  bandwidth,  negative  feedback  has  the  same  effects  on  the 
characteristics  of  a  noninverting  amplifier  as  it  has  on  those  of  an  inverting  amplifier,  as 
demonstrated  by  the  circuit  calculations  in  Figure  15.45.  As  you  can  see,  the  open-loop 
circuit  shown  in  Figure  15.45a  has  values  of  Av  =  106  dB  and  BW  =  15  Hz.  When  the 
feedback  path  is  added,  the  circuit  voltage  gain  is  reduced  to  ACL  =  101,  and  the  band¬ 
width  increases  to  nearly  30  kHz. 


Av  =  A0l=  200,000  (106  dB) 


FIGURE  15.45 


Rf 

100  kfi 


Rf 

Av  =  Acl  =  -5—  +  1  =  101  (40.1  dB) 

''in 

^unity  =  ^  MHz 

BW  =  ^  =  29.7  kHz 
Av 

~^Rl 


15.8.4  Mathematical  Analysis 

OBJECTIVE  16  ►  Now  that  you  have  seen  how  negative  feedback  affects  the  voltage  gain  and  operating 
bandwidth  of  an  op-amp,  it  is  time  to  get  into  its  mathematical  analysis.  For  this  discus¬ 
sion,  we  will  refer  to  the  circuit  shown  in  Figure  15.46. 
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FIGURE  15.46 


We  will  treat  the  feedback  amplifier  as  a  combination  of  two  distinct  circuits:  an  op-amp 
and  a  feedback  network.  Each  of  these  circuits  serves  a  specific  purpose.  The  op-amp  pro¬ 
vides  voltage  gain,  defined  as 


(15.21) 


where  vdiff  =  the  difference  between  the  voltages  at  the  inverting  and  noninverting  inputs 
to  the  op-amp. 

Remember  that  A0L  is  an  op-amp  parameter  and  does  not  necessarily  equal  the  overall 
gain  of  the  feedback  amplifier. 

The  feedback  network  is  represented  as  an  attenuation.  Attenuation  (a)  is  a  reduc¬ 
tion  in  the  amplitude  of  a  signal.  Thus,  the  feedback  network  can  be  viewed  as  having  a 
value  of  Av  <  1.  Note  that  the  Greek  letter  a  is  commonly  used  to  represent  a  voltage 
and/or  power  loss.  (Don’t  confuse  this  use  of  a  with  the  BJT  current  ratio  discussed  in 
Chapter  6.) 

The  attenuation  factor  (av)  of  the  feedback  network  is  found  as 


Vf 

«v  -  - 

^OUt 


(15.22) 


Note  that  Vfis  always  less  than  vout.  For  this  reason,  av  is  always  less  than  1. 

As  with  any  amplifier,  the  effective  voltage  gain  of  a  feedback  amplifier  Av/is  found  as 


(15.23) 


In  Appendix  D,  we  use  equations  (15.21),  (15.22),  and  (15.23)  to  derive  the  following 
relationship: 


— 


1  -  osvA„ 


(15.24) 


where  Avf  =  the  effective  gain  of  the  voltage  feedback  amplifier 

A„  =  the  open-loop  voltage  gain  of  the  amplifier  (that  is,  the  voltage  gain  that  the 
amplifier  would  exhibit  if  there  were  no  feedback  path  present) 
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Attenuation  (a) 

Any  reduction  in  the  amplitude 
of  a  signal. 


Attenuation  factor  (av) 

The  ratio  of  feedback  voltage  to 
output  voltage.  The  value  of  a,, 
is  always  less  than  one. 
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Note  that  equation  (15.24)  applies  to  discrete  feedback  amplifiers  as  well  as  those  using 
op-amps.  For  an  inverting  (or  noninverting)  amplifier,  equation  (15.24)  is  often  written  as 


_  ^oi 
1  +  clvAol 


(15.25) 


Feedback  factor  (1  +  avA0L) 
A  value  used  in  the  gain  and 
impedance  calculations  for  a 
given  feedback  amplifier. 


As  you  will  see,  the  value  that  appears  in  the  denominator  of  equation  (15.25),  1  + 
«,,AOL,  appears  in  almost  every  equation  for  a  given  negative  feedback  amplifier.  To  sim¬ 
plify  things,  we  will  call  this  value  the  feedback  factor  for  a  given  amplifier.  In  most 
cases,  the  changes  in  circuit  gain  and  impedance  values  (as  well  as  the  cutoff  frequencies 
and  bandwidth)  are  determined  by  the  feedback  factor  of  the  circuit.  In  other  words,  the 
factor  by  which  a  circuit  characteristic  increases  or  decreases  equals  the  feedback  factor 
of  the  circuit.  Example  15.12  demonstrates  the  effect  of  the  feedback  factor  on  the  volt¬ 
age  gain  of  an  inverting  amplifier. 


EXAMPLE  15.12 

The  inverting  amplifier  in  Figure  15.47  uses  an  op-amp  with  a  rating  of  ADl  = 
150,000.  Assuming  that  the  circuit  has  a  value  of  av  =  0.005,  determine  its  value 
of  Acl. 


200  kn 


FIGURE  15.47 


Solution:  Using  the  given  values  of  A0L  and  otv,  the  closed-loop  voltage  gain  of 

the  circuit  is  found  as 


^CL  - 


■*OL 


150,000 


1  +  a„AoL  1  +  (0.005X150,000) 


=  199.7 


Practice  Problem  15.12 

An  amplifier  like  the  one  in  Figure  15.47  has  values  of  A0 L  =  200,000  and  av  = 
0.01.  Calculate  the  value  of  ACL  for  the  circuit. 


The  value  of  avAv  (in  equation  15.24)  is  always  much  greater  than  1.  For  this  reason, 
the  closed-loop  voltage  gain  of  a  feedback  amplifier  can  be  approximated  as  follows: 


Avf  =  — 


1  +  a  VAV 


K 

avAv 


or 


Av/  = 


(15.26) 
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Written  for  an  inverting  (or  noninverting)  amplifer, 


(15.27) 


Equation  (15.27)  is  important  because  it  shows  how  we  can  calculate  the  value  of  av 
for  an  inverting  or  noninverting  amplifier.  First,  the  value  of  ACL  is  found  using  the  equa¬ 
tions  established  earlier  in  this  chapter.  Then,  the  value  of  av  is  found  as 


(15.28) 


Once  the  value  of  av  is  known,  we  can  calculate  the  value  of  the  feedback  factor  for  the 
circuit.  The  feedback  factor  is  then  used  in  the  circuit  impedance  calculations,  as  you  will 
be  shown  later  in  this  section.  Example  15.13  demonstrates  the  procedure  for  calculating 
the  value  of  the  feedback  factor  for  a  noninverting  amplifier. 

EXAMPLE  15.13 _ 

Calculate  the  value  of  the  feedback  factor  for  the  noninverting  amplifier  shown  in 

Figure  15.48. 


Ft, 

120  kft 


FIGURE  15.48 


Solution:  Using  the  relationship  established  earlier  in  the  chapter,  the  closed- 

loop  voltage  gain  of  the  amplifier  is  found  as 


ACL  ~  R 


120  kfl 

1=L5kl!+1 


81 


Now,  using  the  value  of  ACL  =  81,  the  attenuation  factor  (a„)  of  the  circuit  is 
found  as 


ot„  = 


•CL 


81 


0.01235 


Finally,  the  feedback  factor  of  the  circuit  is  found  as 

1  +  a„A0L  =  1  +  (0.01235)(150,000)  =  1853 


Practice  Problem  15.13 

An  inverting  amplifier  has  the  following  values:  R,  =  220  kfl  and  Rm  —  2  kfl.  The  op- 
amp  has  a  rating  of  AOL  =  180,000.  Calculate  the  value  of  the  circuit  feedback  factor. 
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15.8.5  The  Effects  of  Negative  Feedback  on 
Circuit  Impedance  Values 

OBJECTIVE  17  ►  The  input  and  output  impedance  values  for  inverting  and  noninverting  amplifiers  are  calcu¬ 
lated  as  shown  in  Figure  15.49.  For  the  inverting  amplifier,  the  presence  of  the  virtual 
ground  at  the  inverting  input  results  in  the  amplifier  input  impedance  being  approximately 
equal  to  the  value  of  the  input  resistor  (7?in).  This  point  was  discussed  earlier  in  the  chapter. 


R,  R, 


For  the  noninverting  amplifier,  the  presence  of  the  feedback  signal  at  the  inverting 
input  reduces  the  input  differential  voltage  (vrf,y)  and,  therefore,  the  amount  of  current  that 
the  amplifier  draws  from  the  source.  Since 


the  reduction  in  source  current  causes  an  effective  increase  in  amplifier  input  impedance. 
The  amount  by  which  the  input  impedance  is  increased  is  equal  to  the  feedback  factor  of 
the  circuit.  By  formula, 

~  Zia(l  +  Mol)  (15-29) 

where  Zm(  f  )  —  the  input  impedance  to  the  noninverting  amplifier 
Zin  =  the  op-amp  input  impedance 

As  the  following  example  demonstrates,  the  input  impedance  to  a  noninverting  amplifier 
can  be  significantly  higher  than  that  of  its  op-amp. 

EXAMPLE  15.14 _ 

Refer  to  the  noninverting  amplifier  in  Figure  15.49b.  Assume  that  the  op-amp  has 
ratings  of  Zin  =  5  MO  and  AOL  =  180,000.  If  Rin  =1.2  kO  and  Rf=  180  kO,  what 
is  the  value  of  the  amplifier  input  impedance? 

Solution:  We  have  to  start  our  calculations  by  finding  the  value  of  the  attenuation 
factor.  Using  the  method  established  earlier  in  the  text,  the  closed  loop  voltage  gain 
of  the  circuit  is  found  to  be  151.  Thus, 
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Now,  using  av  =  0.0066  and  AOL  =  180,000,  the  value  of  the  feedback  factor  is 
found  as 

1  +  «,.A01.  -  1  4  (0.0066)(  180,000)  =  1189 
Finally,  the  amplifier  input  impedance  is  found  as 

Zmf  )  =  Z„,(  I  4  clvAqi)  ~  (5  Ma)(1189)  =  5.95  Gil 


Practice  Problem  15.14 

An  op-amp  has  the  following  ratings:  Zin  =  2  Mil  and  AOL  =  200,000.  The  op-amp 
is  used  in  a  noninverting  amplifier  with  values  of  Rf  =  220  kil  and  Rm  =  1  kil. 
Calculate  the  value  of  the  amplifier  input  impedance. 


As  you  can  see,  the  addition  of  a  feedback  network  causes  the  noninverting  amplifier 
to  have  extremely  high  input  impedance.  As  a  result,  the  amplifier  input  impedance  pre¬ 
sents  almost  no  load  on  its  source  circuit.  This  is  one  of  the  benefits  of  using  negative 
feedback. 

Just  as  negative  feedback  effectively  increases  the  input  impedance  of  an  op-amp,  it 
also  decreases  the  op-amp’s  output  impedance.  The  amount  by  which  Zout  is  reduced  is 
also  determined  by  the  feedback  factor  of  the  circuit.  By  formula, 


Z0l!t(/) 


-'out 


1  4  avAoL 


(15.30) 


where  ZoM(f)  =  the  outut  impedance  of  the  amplifier 
Zout  =  the  op-amp  output  impedance 


The  following  example  demonstrates  the  effect  of  negative  feedback  on  the  output  imped¬ 
ance  of  a  noninverting  amplifier. 


EXAMPLE  15.15 


Refer  to  Example  15.14.  If  the  op-amp  has  a  rating  of  Zout  =  80  Cl,  what  is  the 
value  of  the  amplifier  output  impedance? 

Solution:  In  Example  15.14,  the  feedback  factor  was  found  to  have  a  value  of 
1189.  Using  this  value  and  the  rated  output  impedance  of  the  op-amp,  the  output 
impedance  of  the  noninverting  amplifier  is  found  as 


Zoutf/) 


1  4  a„A0L 


800 

1189 


67.3  mfl 


Practice  Problem  15.15 

Refer  to  Practice  Problem  15.14.  If  the  op-amp  has  a  rating  of  Zout  =  75  O,  what  is 
the  output  impedance  of  the  amplifier? 


As  you  can  see,  the  feedback  network  has  greatly  reduced  the  effective  output  imped¬ 
ance  of  the  op-amp.  Again,  this  is  an  added  benefit  of  using  negative  feedback.  With  the 
lower  output  impedance,  the  circuit  is  much  better  suited  to  driving  low-impedance  loads. 
If  you  refer  to  Figure  15.49,  you’ll  see  that  the  use  of  negative  feedback  has  the  same 
effect  on  the  output  impedance  of  an  inverting  amplifier  as  it  has  on  the  output  impedance 
of  a  noninverting  amplifier. 


Section  15.8  Negative  Feedback 
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1.  How  does  negative  voltage  feedback  reduce  the  effective  voltage  gain  of  an  amplifier? 

2.  List  and  describe  the  various  types  of  commonly  used  feedback. 

3.  What  is  attenuation ? 

4.  What  is  the  attenuation  factor  of  a  feedback  network? 

5.  What  is  the  feedback  factor  of  a  negative  feedback  amplifier? 

6.  What  effect  does  negative  feedback  have  on  the  input  impedance  of  an  inverting 
amplifier?  A  noninverting  amplifier? 

7.  What  effect  does  negative  feedback  have  on  the  output  impedance  of  an  inverting  or 
a  noninverting  amplifier? 


CHAPTER  SUMMARY  - 

Here  is  a  summary  of  the  major  points  made  in  this  chapter: 

1.  Discrete  components  are  devices  housed  in  individual  packages;  that  is,  each  pack¬ 
age  holds  one  component. 

2.  An  integrated  circuit  (IC)  is  a  single  package  that  contains  any  number  of  active 
and/or  passive  components,  all  constructed  on  a  single  piece  of  semiconductor 
material. 

a.  ICs  range  in  complexity  from  simple  circuits  containing  a  few  active  and/or 
passive  components  to  complex  circuits  containing  hundreds  of  thousands  of 
components. 

b.  The  more  complex  the  internal  circuitry  of  an  IC,  the  more  complex  its  function. 

3.  The  operational  amplifier,  or  op-amp,  is  a  high-gain  dc  amplifier  that  has  high 
input  impedance  and  low  output  impedance. 

4.  The  internal  circuitry,  schematic  diagram,  and  pin  layout  for  the  741  op-amp 
(a  common  component)  are  shown  in  Figure  15.1 .  The  component  has: 

a.  Two  signal  inputs:  the  inverting  input  and  the  noninverting  input. 

b.  Two  power  supply  inputs:  the  +  V  input  and  —  V  input. 

c.  Two  offset  null  input  pins. 

d.  One  output  pin. 

5.  Op-amps  are  identified  using  a  seven-character  code  printed  on  the  case  (see  Fig¬ 
ure  15.3). 

a.  The  prefix  identifies  the  manufacturer  (see  Table  15.1). 

b.  The  designator  identifies  the  component  type  and  operating  temperature  range 
(see  Table  15.2). 

c.  The  suffix  identifies  the  package  type  (see  Table  15.3). 

Several  op-amp  packages  are  illustrated  in  Figure  15.4. 

6.  The  input  stage  of  the  op-amp  is  a  differential  amplifier. 

a.  This  type  of  circuit  amplifies  the  difference  between  two  input  voltages,  V, 
and  V2. 

b.  Any  difference  between  Vt  and  V2  shows  up  as  a  difference  of  potential  ( Vdifj) 
across  the  input  terminals.  This  voltage  ( VdiS )  is  amplified  by  the  circuit. 

7.  The  maximum  possible  voltage  gain  provided  by  an  op-amp  is  referred  to  as  its 
open-loop  voltage  gain  (AOI). 

a.  The  term  open  loop  indicates  that  there  is  no  feedback  path  from  the  output  to 
the  op-amp  input. 

b.  A0l  typically  has  a  value  of  10,000  or  more. 

c.  Connecting  a  feedback  path  to  an  op-amp  reduces  its  voltage  gain. 

8.  The  polarity  relationship  between  V1  and  V2  determines  whether  the  op-amp  output 
swings  toward  +V  or  -V  (see  Figure  15.7). 

9.  The  inverting  input  to  an  op-amp  produces  a  180°  output  voltage  phase  shift  when 
used  as  a  signal  input  (see  Figure  15.8e). 

10.  The  noninverting  input  to  an  op-amp  does  not  produce  an  output  voltage  phase  shift 
(see  Figure  15. 8f). 
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11.  The  supply  voltages  (+ V  and  —  V)  determine  the  limits  of  the  output  voltage  swing. 

a.  Ideally,  the  limits  to  any  output  voltage  swing  equal  the  values  of  +  V  and  -  V. 

b.  In  practice,  the  output  cannot  reach  either  +  V  or  —  V  because  some  voltage 
is  dropped  across  internal  components  in  the  op-amp  output  circuitry  (see  Fig¬ 
ure  15.1). 

c.  The  actual  limits  on  the  output  voltage  swing  depend  on  the  value  of  the  load 
resistance  and  the  supply  voltages  (see  Figures  15.10  and  15.11). 

12.  Many  op-amp  electrical  characteristics  describe  the  operation  of  its  input  circuit: 
the  differential  amplifier. 

a.  The  simplest  differential  amplifier  is  a  two-transistor,  two-input  circuit  (see  Fig¬ 
ure  15.16). 

b.  The  responses  of  the  differential  amplifier  to  inputs  at  its  inverting  and  non¬ 
inverting  inputs  are  illustrated  in  Figure  15.17. 

13.  A  differential  amplifier  has  three  modes  of  operation: 

a.  Single-ended  operation  involves  applying  an  active  signal  to  one  input  only.  The 
other  input  is  normally  connected  directly  (or  indirectly)  to  ground.  Depending 
on  the  input  used,  the  differential  amplifier  acts  as  an  inverting  or  noninverting 
amplifier. 

b.  Differential  operation  involves  applying  two  active  inputs  to  the  amplifier.  The 
output  (in  this  case)  depends  on  the  characteristics  of  the  two  waveforms. 

c.  Common-mode  operation  occurs  when  two  signals  of  equal  magnitude,  fre¬ 
quency,  and  phase  are  applied  to  the  amplifier.  Ideally,  the  output  from  a  differ¬ 
ential  amplifier  is  0  V  when  common-mode  signals  are  applied  to  the  inputs. 

14.  The  output  offset  voltage  rating  of  an  op-amp  is  a  voltage  (usually  in  the  mV  range) 
that  may  appear  at  the  output,  and  it  is  produced  by  an  imbalance  in  the  differential 
amplifier.  Offset  output  voltage  can  be  eliminated  by: 

a.  Using  a  potentiometer  to  set  a  potential  across  the  offset  null  pins  (see  Figure 
15.20a). 

b.  Connecting  a  compensating  resistor  to  the  noninverting  input  (see  Figure 
15.20b). 

15.  The  input  bias  current  rating  of  an  op-amp  is  the  average  value  of  quiescent  dc 
biasing  current  drawn  by  its  signal  inputs. 

16.  Since  both  signal  inputs  draw  some  amount  of  biasing  current,  an  op-amp  will  not 
work  if  either  signal  input  is  left  open. 

17.  Common-mode  signals  are  identical  signals  that  appear  simultaneously  at  the  two 
signal  inputs  of  an  op-amp. 

a.  Common-mode  signals  are  usually  undesirable.  For  example,  noise  may  appear 
as  common-mode  signals. 

b.  Ideally,  an  op-amp  does  not  respond  to  common-mode  signals. 

18.  The  common-mode  rejection  ratio  (CMRR)  of  an  op-amp  is  a  measure  of  its  ability 
to  “ignore”  common-mode  signals. 

a.  Technically,  CMRR  is  the  ratio  of  differential  gain  to  common-mode  gain. 

b.  CMRR  is  normally  expressed  in  dB. 

19.  The  power  supply  rejection  ratio  of  an  op-amp  indicates  how  much  the  output 
changes  as  a  result  of  changes  in  supply  voltage. 

20.  The  output  short-circuit  current  rating  of  an  op-amp  is  the  maximum  possible  value 
of  output  current  measured  under  shorted  load  conditions. 

21.  The  slew  rate  of  an  op-amp  is  a  measure  of  how  fast  the  output  voltage  can  change 
in  response  to  a  change  at  either  signal  input. 

a.  Slew  rates  are  typically  measured  in  volts  per  microsecond  (V/|xs). 

b.  The  slew  rate  of  an  op-amp  affects  its  maximum  possible  operating  frequency 
(see  Example  15.5). 

22.  The  operating  frequency  of  an  op-amp  can  be  increased  (within  limits)  by  reducing 
its  output  voltage  swing  (see  Example  15.6). 

23.  When  operated  beyond  its  frequency  limit,  an  op-amp  distorts  its  output  waveform 
(see  Figure  15.25). 

24.  Op-amps  typically  have  high  input  resistance  and  low  output  resistance. 
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25.  The  input  voltage  range  rating  for  an  op-amp  is  the  maximum  differential  input  that 
can  be  applied  to  the  component  without  risking  damage  to  the  differential  amplifier. 

26.  An  inverting  amplifier  is  an  op-amp  circuit  that  produces  a  180°  voltage  phase  shift 
from  input  to  output. 

27.  The  inverting  amplifier  is  the  op-amp  counterpart  of  the  common-emitter  and 
common-source  amplifiers. 

28.  The  closed-loop  voltage  gain  (ACL)  of  an  inverting  amplifier  is  always  lower  than 
the  open-loop  voltage  gain  (AOL)  of  the  op-amp. 

29.  The  input  impedance  of  an  inverting  amplifier  is  approximately  equal  to  the  value 
of  its  input  resistor  (7?in). 

30.  The  output  impedance  of  an  inverting  amplifier  is  always  lower  than  the  output  imped¬ 
ance  of  the  op-amp,  because  the  feedback  path  is  in  parallel  with  the  op-amp  output. 

31.  The  common-mode  rejection  ratio  (CMRR)  of  an  inverting  amplifier  is  lower  than 
the  CMRR  of  the  op-amp. 

a.  The  CMRR  of  an  op-amp  is  the  ratio  of  AOL  to  common-mode  gain. 

b.  The  CMRR  of  an  inverting  amplifier  is  the  ratio  of  ACL  to  common-mode  gain. 

32.  The  primary  differences  between  noninverting  and  inverting  amplifiers  are: 

a.  The  noninverting  amplifier  has  much  higher  circuit  input  impedance. 

b.  The  noninverting  amplifier  does  not  produce  a  180°  voltage  phase  shift  from  the 
amplifier  input  to  its  output. 

33.  The  closed-loop  voltage  gain  (ACL)  of  a  noninverting  amplifier  is  slightly  higher 
than  the  value  of  ACL  for  a  comparable  inverting  amplifier. 

a.  For  the  inverting  amplifier,  ACL  =  Rf/Rm. 

b.  For  the  noninverting  amplifier,  ACL  =  (Rf/Rm)  +  1 . 

34.  The  input  impedance  of  the  noninverting  amplifier  is  greater  than  the  input  imped¬ 
ance  of  the  op-amp. 

35.  The  output  impedance  of  a  noninverting  amplifier  is  lower  than  the  output  imped¬ 
ance  of  the  op-amp. 

36.  The  characteristics  of  the  noninverting  amplifier  make  the  circuit  useful  as  a  buffer. 

37.  The  voltage  follower  is  the  op-amp  counterpart  of  the  emitter  follower  and  source 
follower. 

a.  The  voltage  follower  is  a  noninverting  amplifier  that  has  the  output  tied  directly 
back  to  the  inverting  input  (see  Figure  15.34). 

b.  The  voltage  follower  has  a  value  of  ACL  =  1 . 

38.  The  best  way  to  determine  that  an  op-amp  is  faulty  is  to  eliminate  all  other  possible 
causes  of  a  circuit  failure.  A  faulty  op-amp  is  the  most  likely  cause  of  a  circuit 
failure  when: 

a.  All  the  resistors  in  the  amplifier  are  good. 

b.  All  the  supply  voltages  are  at  their  normal  levels. 

c.  There  are  no  problems  with  the  IC  socket  used  to  hold  the  op-amp. 

39.  A  dc  amplifier  exhibits  midband  voltage  gain  at  0  Hz. 

40.  As  the  operating  frequency  of  an  op-amp  increases  beyond  its  upper  cutoff  frequency 
(fcj),  the  A0l  of  the  component  decreases  at  the  standard  20  dB  per  decade  rate. 

41.  Decreasing  the  voltage  gain  of  an  op-amp  (through  the  use  of  feedback)  increases 
its  maximum  operating  frequency  (see  Figure  15.40). 

42.  The  unity-gain  frequency  (/unity)  of  an  op-amp  is  the  frequency  that  corresponds  to 
a  voltage  gain  of  0  dB. 

a.  The  product  of  ACL/C2  always  equals  the  unity-gain  frequency. 

b.  The  value  of  ACL/t7  is  referred  to  as  the  gain-bandwidth  product.  The  relation¬ 
ship  among  Acl./cj,  and/unity  is  demonstrated  in  Examples  15.10  and  15.11. 

43.  The  high-frequency  roll-off  of  an  op-amp  is  caused  by  the  internal  capacitance  of 
the  component. 

44.  Negative  feedback  provides  a  feedback  signal  that  is  180°  out  of  phase  with  the 
amplifier  input  signal  (see  Figure  15.42). 

45.  Adding  a  negative  feedback  path  to  an  op-amp: 

a.  Decreases  voltage  gain. 

b.  Increases  amplifier  bandwidth. 
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46.  Attenuation  is  a  reduction  in  the  amplitude  of  a  signal. 

47.  The  attenuation  factor  (av)  of  a  feedback  path  is  the  ratio  of  feedback  voltage  to 
amplifier  output  voltage.  The  value  of  a„  is  always  less  than  1 . 

48.  Th e  feedback  factor  (1  +  a,,AOL)  of  an  op-amp  circuit  is  used  in  most  circuit 
impedance  calculations. 

49.  The  input  impedance  of  a  noninverting  amplifier  equals  the  product  of  the  op-amp 
input  impedance  and  the  circuit  feedback  factor  (see  Example  15.14). 

50.  The  output  impedance  of  an  inverting  (or  noninverting)  amplifier  equals  the  op-amp 
output  impedance  divided  by  the  feedback  factor  (see  Example  15.15). 
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KEY  TERMS 


attenuation  (a)  639 
attenuation  factor  (av)  639 
closed-loop  voltage  gain 
(Acl)  622 
common-mode  gain 
(Acm)  623 

common-mode  rejection 
ratio  (CMRR)  613 
common-mode 
signals  613 

compensating  resistor  612 
current  feedback  602 
dc  amplifier  632 
designator  code  600 
differential  amplifier  601 
discrete  components  598 
feedback  factor 
(1  +  avAOL)  640 


gain-bandwidth 
product  633 
input  bias  current  613 
input  offset  current  612 
input  offset  voltage 
(Vlo)  611 

input  voltage  range  618 
integrated  circuit  (IC)  598 
inverting  amplifier  621 
inverting  input  603 
large-signal  voltage 
gain  618 

negative  feedback  636 
noninverting  amplifier  625 
noninverting  input  603 
offset  null  612 
open-loop  voltage  gain 

(Aol)  602 


operational  amplifier 
(op-amp)  599 
oscillator  636 
output  offset  voltage 

( ^out( offset))  611 

output  short-circuit 
current  614 
positive  feedback  636 
power  consumption  618 
power  supply  rejection 
ratio  (PSRR)  614 
rail  620 
slew  rate  615 
supply  current  618 
unity-gain  frequency 
(/unity)  633 
voltage  follower  628 


PRACTICE  PROBLEMS 

Section  15.2 

1.  Determine  the  output  polarity  for  each  of  the  op-amps  in  Figure  15.50. 

2.  Determine  the  output  polarity  for  each  of  the  op-amps  in  Figure  15.51. 
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FIGURE  15.50 
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FIGURE  15.52 

3.  Determine  the  maximum  peak-to-peak  output  voltage  for  the  amplifier  in  Figure 

15.52. 

4.  Determine  the  maximum  peak-to-peak  output  voltage  for  the  amplifier  in  Figure 

15.53. 

5.  The  amplifier  in  Problem  3  has  a  voltage  gain  of  120.  Determine  the  maximum 
allowable  peak-to-peak  input  voltage  for  the  circuit. 

6.  The  amplifier  in  Problem  4  has  a  voltage  gain  of  220.  Determine  the  maximum 
allowable  peak-to-peak  input  voltage  for  the  circuit. 

7.  Determine  the  maximum  allowable  peak-to-peak  input  voltage  for  the  amplifier  in 
Figure  15.54. 

8.  Determine  the  maximum  allowable  peak-to-peak  input  voltage  for  the  amplifier  in 
Figure  15.55. 

Section  15.3 

9.  The  amplifier  in  Figure  15.54  has  an  output  offset  voltage  of  2.4  V.  Determine  the 
input  offset  voltage  for  the  circuit. 
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FIGURE  15.55 


10.  The  amplifier  in  Figure  15.55  has  an  output  offset  voltage  of  960  mV.  Determine  the 
input  offset  voltage  for  the  circuit. 

11.  Determine  the  maximum  operating  frequency  for  the  amplifier  in  Figure  15.54. 
Assume  that  the  circuit  has  a  10  mVPP  input  signal. 

12.  Determine  the  maximum  operating  frequency  for  the  amplifier  in  Figure  15.55. 
Assume  that  the  circuit  has  a  40  mVPP  input  signal. 

13.  Determine  the  maximum  operating  frequency  for  the  amplifier  in  Figure  15.56a. 

14.  Determine  the  maximum  operating  frequency  for  the  amplifier  in  Figure  15.56b. 


(a)  (b) 


FIGURE  15.56 
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Section  15.4 

15.  Perform  a  complete  analysis  of  the  amplifier  in  Figure  15.57. 

Rf 

120  kfl 


FIGURE  15.57 

16.  Perform  a  complete  analysis  of  the  amplifier  in  Figure  15.58. 


17.  Perform  a  complete  analysis  of  the  amplifier  in  Figure  15.59. 


18.  Perform  a  complete  analysis  of  the  amplifier  in  Figure  15.60. 

19.  Perform  a  complete  analysis  of  the  amplifier  in  Figure  15.61. 

20.  Perform  a  complete  analysis  of  the  amplifier  in  Figure  15.62. 

21.  Perform  a  complete  analysis  of  the  amplifier  in  Figure  15.63. 

22.  Perform  a  complete  analysis  of  the  amplifier  in  Figure  15.64. 
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FIGURE  15.61 


FIGURE  15.62 


FIGURE  15.63 


FIGURE  15.64 


23.  Perform  a  complete  analysis  of  the  voltage  follower  in  Figure  15.65. 

24.  Perform  a  complete  analysis  of  the  voltage  follower  in  Figure  15.66. 

Section  15.6 

25.  An  op-amp  has  a  gain-bandwidth  product  of  12  MHz.  Determine  the  bandwidth 
of  the  device  when  ACL  =  400. 

26.  An  op-amp  has  a  gain-bandwidth  product  of  14  MHz.  Determine  the  bandwidth 
of  the  device  when  ACL  =  320. 

27.  An  op-amp  has  a  gain-bandwidth  product  of  25  MHz.  Determine  the  bandwidth 
of  the  device  when  ACh  =  42  dB. 
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FIGURE  15.65  FIGURE  15.66 


28.  An  op-amp  has  a  gain-bandwidth  product  of  1  MHz.  Determine  the  bandwidth 
of  the  device  when  ACL  =  20  dB. 

29.  We  need  to  construct  an  amplifier  that  has  values  of  ACL  =  200  and  fa  =  120  kHz. 
Can  we  use  an  op-amp  with /unity  =  28  MHz  for  this  application? 

30.  We  need  to  construct  an  amplifier  that  has  values  of  AC[  =  24  dB  and  fa  =  40  kHz. 
Can  we  use  an  op-amp  with/unity  =  1  MHz  for  this  application? 

31.  An  op-amp  circuit  with  ACL  =  120  has  a  measured  value  of  fa  =  100  kHz.  What  is 
the  gain-bandwidth  product  of  the  op-amp? 

32.  An  op-amp  circuit  with  ACL  =  300  has  a  measured  value  of  fa  =  88  kHz.  What  is 
the  gain-bandwidth  product  of  the  op-amp? 

33.  The  circuit  shown  in  Figure  15.67  has  a  measured of  250  kHz.  What  is  the  value 
of /unity  for  the  op-amp? 

34.  The  circuit  shown  in  Figure  15.68  has  a  measured  fC2  of  100  kHz.  What  is  the  value 
of  /unity  for  the  op-amp? 


Rf 

ioo  kn 


FIGURE  15.67 


Ftf 

360  kll 


35.  An  inverting  amplifier  has  values  of  A0L  =  1000  and  av  =  0.22.  Determine  the 
value  of  Acl  for  the  circuit. 

36.  An  inverting  amplifier  has  values  of  AQl  =  588  and  av  =  0.092.  Determine 
the  value  of  ACL  for  the  circuit. 

37.  An  inverting  amplifier  has  values  of  AOL  =  150,000  and  av  =  0.008.  Determine  the 
value  of  ACl  for  the  circuit. 

38.  An  inverting  amplifier  has  values  of  AOL  =  200,000  and  av  =  0.0015.  Determine  the 
value  of  Acl  for  the  circuit. 

39.  The  amplifier  in  Problem  35  has  values  of  Zin  =  48  kfl  and  Zout  =  220  ft.  Calculate 
the  values  of  Zin(/)  and  Zout(/)  for  the  circuit. 
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TROUBLESHOOTING 
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40.  The  op-amp  in  Problem  37  has  values  of  Zin  =  2  Mfl  and  Zout  =  80  fl.  Assume  the 
amplifier  has  values  of  Rin  =1.2  kfl  and  Rf=  150  kfl.  Calculate  the  values  of  Zm(f) 
and  Zout(/)  for  the  circuit. 

41.  Calculate  the  values  of  ACL,  Zm(fh  and  Zout(/)  for  the  circuit  shown  in  Figure  15.67. 
Assume  that  the  op-amp  has  the  following  ratings:  AOL  =  200,000,  Zin  =  5  Mfl,  and 

zout  =  ioo  a. 

42.  Calculate  the  values  of  ACL,  Zin(/),  and  Zout(/)  for  the  circuit  shown  in  Figure  15.68. 
Assume  that  the  op-amp  has  the  following  ratings:  AOL  =  180,000,  Zin  =  3  Mfl,  and 
Zout  =  75  a. 


43.  The  circuit  shown  in  Figure  15.69  has  the  waveforms  shown.  Discuss  the  possible 
cause(s)  of  the  problem. 


FIGURE  15.69 

44.  The  circuit  shown  in  Figure  15.70  has  the  waveforms  shown.  Determine  the  cause 
of  the  problem.  ( Hint :  The  measured  value  of  Rf  is  exactly  as  shown;  that  is,  Rf  is  not 
the  problem.) 
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45.  The  circuit  shown  in  Figure  15.71  has  the  following  readings:  TP-1  =  +10  mV, 
TP-2  =  +20  mV,  TP-3  =  + 120  mV,  TP-4  =  0  V,  and  TP-5  =  -240  mV  Determine 
the  possible  cause(s)  of  the  problem. 


46.  The  circuit  in  Figure  15.71  has  the  following  readings:  TP-1  =  —5  mV,  TP-2  =  0  V, 
TP-3  =  +4  V,  TP-4  =  0  V,  and  TP-5  =  —4  V.  Determine  the  possible  cause(s)  of 
the  problem. 

47.  The  circuit  in  Figure  15.71  has  the  following  readings:  TP-1  =  +2  mV,  TP-2  = 
+  1.8  mV,  TP-3  =  +4  V,  TP-4  =  0  V,  and  TP-5  =  0  V.  Determine  the  possible 
cause(s)  of  the  problem. 

48.  The  circuit  in  Figure  15.71  has  the  following  readings:  TP-1  =  -1  V,  TP-2  =  0  V, 
TP-3  =  0  V,  TP-4  =  0  V,  and  TP-5  =  0  V.  Determine  the  possible  cause(s)  of  the 
problem. 


PUSHING  THE  ENVELOPE 

49.  The  op-amp  in  Figure  15.72  has  the  input  and  output  voltages  shown.  Determine  the 
CMRR  of  the  device. 


50.  Using  the  KA741,  design  a  noninverting  amplifier  that  will  deliver  a  25  VPP  output 
to  a  20  kfl  load  resistance  with  a  100  mVpk  input  signal.  The  available  supply  volt¬ 
ages  are  ±18  Vdc.  Include  the  8-pin  DIP  pin  numbers  in  your  schematic  diagram. 


- - —  SUGGESTED  COMPUTER 

51.  Write  a  program  that  will  determine  the  maximum  allowable  input  voltage  for  an  APPLICATIONS 

inverting  amplifier  when  you  know  the  values  of  Rf,  R„  Ru  +V,  and  -V.  PROBLEMS 

52.  Write  a  program  like  the  one  described  in  Problem  51  for  the  noninverting  amplifier. 


Chapter  15  Suggested  Computer  Applications  Problems 
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ANSWERS  TO  THE 
EXAMPLE  PRACTICE 
PROBLEMS 


15.1 

15.8c:  Vdiff  =  +2  V,  positive;  and  15.8d:  Vdiff  = 

-3  V,  negative 

15.2 

5.6  VPP 

15.3 

157  mVpp 

15.4 

142.9  mVpp 

15.5 

6.37  kHz 

15.6 

31.8  kHz 

15.7 

acl  =  250,  zin  s  i  ka,  zout  <  50  a,  cmrr  = 

12,500 ,/max  =  19.1  kHz 

15.8 

Acl  =  251,  Zj„  >  1.5  Ma,  Zout  <  50  a,  CMRR 

=  1 2,550, /max  =  19.02  kHz 

15.9 

acl  =  i,  zin  =  i.5  Ma,  zout  =  so  a,  cmrr  = 

50,/max=  19.9  kHz 

15.10 

125  kHz 

15.11 

Acl  fa  =  3-98  MHz.  Yes,  it  can  be  used. 

15.12 

99.95 

15.13 

1639 

15.14 

1.8  Ga 

15.15 

83.2  ma 
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Additional  Op-Amp 
Applications 


Objectives 

After  studying  the  material  in  this  chapter,  you  should  be  able  to: 

1 .  State  the  purpose  served  by  a  comparator. 

2.  Describe  the  operation  of  a  basic  comparator  circuit. 

3.  List  the  typical  comparator  fault  symptoms  and  the  possible  causes  of  each. 

4.  State  the  purpose  served  by  an  integrator,  and  describe  its  operation. 

5.  State  the  purpose  served  by  a  differentiator,  and  describe  its  operation. 

6.  State  the  purpose  served  by  a  summing  amplifier,  and  describe  its  operation. 

7 .  Describe  the  use  of  the  summing  amplifier  in  a  digital-to-analog  converter. 

8.  Describe  the  operation  of  the  averaging  amplifier  and  the  subtractor. 

9.  List  the  typical  applications  of  the  instrumentation  amplifier,  and  describe  its  operation. 

10.  Describe  the  use  of  an  op-amp  in  an  audio  amplifier. 

11.  Describe  the  operation  of  a  voltage-controlled  current  source. 

12.  Describe  the  construction  and  operation  of  a  precision  rectifier. 


Outline 

16.1  Comparators 

16.2  Integrators  and  Differentiators 

16.3  Summing  Amplifiers 

16.4  Instrumentation  Amplifiers 

16.5  Other  Op-Amp  Circuits 
Chapter  Summary 


657 


Through  the  course  of  this  book,  you  have  been  provided 
with  glimpses  of  the  history  of  solid-state  devices  and 
their  development.  The  next  question  is  simple:  Where  will  it 
go  from  here? 

While  there  are  varying  opinions  on  the  future  of  solid- 
state  electronics,  one  thing  seems  certain:  The  future  of  dis¬ 
crete  devices  is  rather  bleak.  Most  IC  amplifiers  and  switch¬ 
ing  circuits  are  faster,  cheaper,  and  easier  to  work  with  than 


are  discrete  component  circuits.  At  the  same  time,  limits  on 
the  power-handling  capabilities  of  most  ICs  limit  their  use  in 
high-power  circuits.  This  guarantees  that  discrete  devices 
(which  can  generally  handle  more  power  than  most  ICs)  will 
remain  in  use  during  the  foreseeable  future.  In  fact,  some 
high-power  systems  still  require  the  use  of  vacuum  tubes  for 
applications  that  exceed  the  power-handling  capabilities  of 
discrete  components. 


In  this  chapter,  we  look  at  some  op-amp  circuits  that  are  used  for  a  wide  variety  of  appli¬ 
cations.  These  circuits  do  not  necessarily  relate  to  each  other,  except  for  the  fact  that  they 
all  use  one  or  more  op-amps.  Most  of  the  chapter  deals  with  five  common  circuits:  com¬ 
parators,  integrators,  differentiators,  summing  amplifiers,  and  instrumentation  amplifiers. 
Each  of  these  circuits  is  given  extensive  coverage.  Then,  we  will  take  a  brief  look  at  sev¬ 
eral  other  typical  op-amp  circuits.  Remember  as  you  go  through  the  chapter  that,  other 
than  the  use  of  one  or  more  op-amps,  the  circuits  covered  are  not  necessarily  related  to 
each  other.  Each  section  should  be  approached  as  a  separate  entity. 


16.1  Comparators 


OBJECTIVE  1  ► 

Comparator 

A  circuit  used  to  compare  two 
voltages. 


The  comparator  is  a  relatively  simple  circuit  used  to  compare  two  voltages  and  provide 
an  output  indicating  the  relationship  between  those  two  voltages.  Generally,  comparators 
are  used  to  compare  either: 

1.  Two  changing  voltages  to  each  other  (as  in  comparing  two  sine  waves). 

2.  A  changing  voltage  to  a  set  dc  reference  voltage. 

We  will  look  at  the  second  type  of  comparator  in  this  section.  However,  you  may  find  it 
helpful  if  we  take  a  moment  to  discuss  the  applications  of  comparators  before  going  into 
any  circuit  detail. 


Digital  circuit 

A  circuit  designed  to  respond  to 
specific  alternating  dc  voltage 
levels.  .  , . 


16.1.1  Applications 

Comparators  are  most  commonly  used  in  digital  applications.  A  digital  circuit  is  one  that 
responds  to  alternating  dc  voltage  levels  rather  than  sinusoidal  waveforms.  For  example, 
the  waveform  shown  in  Figure  16.1  consists  of  “high”  and  “low”  dc  voltage  levels  and 
the  transitions  between  them.  You  will  spend  a  great  deal  of  time  studying  digitial  sys¬ 
tems  such  as  personal  computers  at  some  point.  For  now,  we  only  need  to  establish  that 
digital  systems  respond  to  alternating  dc  levels.  These  alternating  dc  levels  almost  always 
take  the  form  of  rectangular  waves  or  square  waves. 


“High"  dc  level 


Transition 
(low  to  high) 


Transition 
(high  to  low) 


“Low"  dc  level 


“Low”  dc  level 


FIGURE  16.1  Digital  waveform  characteristics. 


Now,  consider  the  circuit  shown  in  Figure  16.2a.  Let's  assume  that  the  variable  voltage 
source  is  generating  a  sinusoidal  output  and  that -the  digital  circuit  is  intended  to  perform 
some  function  whenever  that  sine  wave  exceeds  + 10  V.  (The  nature  of  the  function  is  not 
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+  10  V 


FIGURE  16.2  Basic  comparator  operation. 


important  at  this  point.)  The  comparator  is  used  to  couple  the  variable  voltage  source  to 
the  digital  circuit.  Here’s  how  the  circuit  works: 

■  The  inverting  input  of  the  comparator  is  connected  to  a  + 10  V  reference. 

■  When  the  output  from  the  variable  voltage  source  is  less  than  +10  V,  the  output 
from  the  comparator  is  low.  The  output  from  the  comparator  remains  low  until  the 
sine  wave  exceeds  the  value  of  the  reference  voltage. 

■  When  the  output  from  the  variable  voltage  source  exceeds  + 10  V,  the  output  from 
the  comparator  goes  high.  The  output  from  the  comparator  remains  high  until  the 
sine  wave  drops  below  the  value  of  the  reference  voltage. 

This  circuit  operation  is  illustrated  by  the  voltage  waveforms  shown  in  Figure  16.2b. 
Since  the  digital  circuit  is  designed  to  respond  to  high  and  low  dc  levels,  we  have  suc¬ 
cessfully  converted  information  about  the  sine  wave  into  a  form  that  the  digital  circuit  can 
handle.  This  is  the  primary  function  of  a  comparator. 

Several  points  can  be  made  at  this  time: 

1.  The  output  from  a  comparator  is  normally  a  dc  voltage  that  indicates  the  polarity 
(or  magnitude)  relationship  between  the  two  input  voltages. 

2.  A  comparator  is  not  normally  used  to  convert  a  sine  wave  to  a  square  wave.  This 
function  is  normally  performed  by  a  circuit  called  a  Schmitt  trigger  (which  is  dis¬ 
cussed  in  Chapter  19). 

3.  When  a  comparator  is  used  to  compare  a  signal  amplitude  to  a  fixed  dc  level  (as 
was  the  case  in  Figure  16.2),  the  circuit  is  referred  to  as  a  level  detector. 

Now  that  you  have  an  idea  of  what  a  comparator  is  used  for,  we  will  take  a  look  at  some 
common  circuit  configurations. 

16.1.2  Comparator  Circuits 

The  most  noticeable  circuit  recognition  feature  of  the  comparator  is  the  lack  of  any  feedback 
path  in  the  circuit.  A  typical  comparator  circuit  is  shown  in  Figure  16.3.  Without  a  feedback 
path,  the  voltage  gain  of  the  circuit  equals  the  open  loop  gain  (AOL)  of  the  op-amp. 


Level  detector 

Another  name  for  a  comparator 
used  to  compare  an  input 
voltage  to  a  fixed  dc  reference 
voltage. 


Section  16.1  Comparators 
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FIGURE  16.3 


Since  the  gain  of  a  comparator  is  equal  to  AOL,  virtually  any  difference  voltage  at  the 
input  causes  the  output  to  go  to  one  of  the  voltage  extremes  and  stay  there  until  the  differ¬ 
ence  voltage  is  removed.  The  polarity  of  the  differential  input  voltage  determines  if  the 
comparator  output  goes  positive  or  negative.  This  point  is  illustrated  in  Example  16.1. 

EXAMPLE  16.1 _ 

Using  the  values  shown,  determine  the  output  voltage  for  the  comparator  in  Figure 
16.3  when  the  inverting  input  is  at  +4.999  and  +5.001  V. 

Solution:  When  the  noninverting  input  is  at  +4.999  V,  the  input  to  the  op-amp  is 
found  as 


vm  =  Vin  -  Vref  =  4.999  V  -  5  V  =  -1  mV 


and  the  op-amp  output  voltage  is  found  as 

Vet  =  AOLVdiff  =  (150.000X-1  mV)  =  -150  V 
Since  this  is  clearly  beyond  the  limits  of  the  output,  VOM  is  found  as 

Ve,  =  -V+  iv  -  -9  V 

Note  that  this  calculation  assumes  a  value  of  RL  >  10  kfl.  When  the  noninverting 
input  is  at  +5.001  V,  the  input  to  the  op-amp  is  found  as 

vm  =  Vin  -  VW  =  5.001  V  -  5  V  =  1  mV 


and  the  op-amp  output  voltage  is  found  as 

Vo„t  =  AOIVm  =  (150,000)(1  mV)  =  150  V 
Since  this  is  clearly  beyond  the  limits  of  the  output,  Vout  is  found  as 

Vont=  +V-  1V  =  9V 

Again,  we  are  assuming  a  value  of  RL  ^  10  kfl  in  the  calculation  of  Vout. 

Practice  Problem  16.1 

A  comparator  like  the  one  in  Figure  16.3  has  its  inverting  input  connected  to  a  +2  V 
reference.  The  op-amp  is  connected  to  ±12  V  supplies  and  has  a  value  of  A0l  = 
70,000.  Determine  the  output  voltage  for  input  voltages  of  +2.001  and  +1.999  V. 


As  Example  16.1  shows,  the  comparator  output  voltage  goes  to  one  of  the  extremes 
even  when  there  is  very  little  difference  between  the  two  inputs.  In  fact,  if  you  divide  the 
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9  V  maximum  output  voltage  by  the  value  of  AOL,  you  will  see  that  the  circuit  needs  a 
difference  voltage  of  only  60  jjlV  to  drive  the  output  to  either  extreme  (+9  or  —9  V).  The 
polarity  of  the  input  determines  to  which  extreme  the  output  is  driven. 


16.1.3  Setting  the  Reference  Level 

Most  often,  a  voltage-divider  circuit  is  used  to  set  the  reference  voltage  for  a  given  level 
detector.  Such  a  circuit  is  shown  in  Figure  16.4.  For  the  circuit  shown,  the  reference  volt¬ 
age  would  be  found  using  the  standard  voltage-divider  formula  as  follows: 


V~t  =  +F- 


R2 


/?!  +  /?2 


(16.1) 


Example  16.2  demonstrates  the  use  of  this  formula  in  a  practical  analysis  situation. 


+v 


FIGURE  16.4  Comparator  with  a  reference-setting  circuit. 

EXAMPLE  16.2 _ 

Determine  the  reference  voltage  for  the  comparator  in  Figure  16.5. 


+5  V 


FIGURE  16.5 


Lab  Reference:  The  operation  of 
a  comparator  like  the  one  in 
Figure  16.4  is  demonstrated  in 
Exercise  24. 
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Solution:  The  reference  voltage  is  set  by  the  voltage-divider  circuit.  Thus, 


A  Practical  Consideration: 

It  is  easy  to  determine  the 
input/output  relationship  for  a 
comparator.  If  the  input  signal 
is  applied  to  the  inverting  (-) 
terminal  of  the  op-amp,  the 


Variable  comparator 

A  comparator  with  an 
adjustable  reference  voltage. 


OBJECTIVE  3  ► 


R2  „  30kft 

+  V - - —  =  (+5  V)- - —  =  +1  V 

Rt  +  R2  150  kQ 


Practice  Problem  16.2 

A  comparator  like  the  one  in  Figure  16.5  has  ±8  V  supplies  and  resistor  values 
of  /?!  =  3  kfl  and  R2  =  1.8  kfl.  Determine  the  input  reference  voltage  for  the 
circuit. 


The  circuits  shown  in  Figures  16.4  and  16.5  both  contain  a  bypass  capacitor  in  the 
voltage-divider  circuit.  This  bypass  capacitor  is  included  to  prevent  the  variations  in  vin 
from  being  coupled  to  the  voltage-divider  circuit  through  the  op-amp.  The  result  is  that 
the  output  of  the  circuit  is  much  more  reliable. 

Now,  we  will  take  a  look  at  some  other  comparator  circuit  configurations.  As  you  will 
see,  each  comparator  circuit  configuration  is  used  for  a  specific  application.  Flowever, 
they  all  work  according  to  the  same  basic  principles. 


16.1.4  Circuit  Variations 

Up  to  this  point,  we  have  assumed  that  the  comparator  is  used  to  provide  a  positive  output 
when  the  input  voltage  is  more  positive  than  some  positive  reference  voltage.  However, 
this  is  not  always  the  case.  In  fact,  you  could  substitute  any  combination  of  the  words 
positive  and  negative  into  the  following  statement  and  you  would  be  correct: 

A  comparator  is  a  circuit  used  to  provide  a - output  when  the 

input  voltage  is  more _ than  some - reference  voltage. 

For  example,  take  a  look  at  the  circuits  shown  in  Figure  16.6.  The  input/output  rela¬ 
tionships  of  the  circuits  shown  are  as  follows: 

■  Figure  16.6a:  The  circuit  has  a  positive  output  when  the  input  voltage  is  more  nega¬ 
tive  than  the  positive  reference  voltage.  Otherwise,  the  output  is  negative. 

■  Figure  16.6b:  The  circuit  has  a  positive  output  when  the  input  voltage  is  more  posi¬ 
tive  than  the  negative  reference  voltage.  Otherwise,  the  output  is  negative. 

■  Figure  16.6c:  The  circuit  has  a  positive  output  when  the  input  voltage  is  positive. 
Otherwise,  the  output  is  negative. 

■  Figure  16.6d:  The  circuit  has  a  positive  output  when  the  input  voltage  is  negative. 
Otherwise,  the  output  is  negative. 

When  you  apply  your  understanding  of  the  relationship  between  the  inputs  to  an 
op-amp  and  its  output,  the  statements  above  are  relatively  easy  to  visualize. 

Another  circuit  variation  is  the  variable  comparator.  The  variable  comparator  allows 
you  to  change  the  dc  reference  voltage.  Such  a  circuit  is  shown  in  Figure  16.7.  By  adjust¬ 
ing  the  value  of  R2  in  the  circuit,  the  reference  voltage  can  be  set  to  any  value  within  the 
limits  of  +V  and  ground.  Note  that  any  of  the  comparators  in  Figure  16.6  can  be  made 
variable  in  the  same  way  (with  the  exception  of  the  ground  reference  comparators,  of 
course). 


16.1.5  Troubleshooting  Comparators 

One  of  the  really  nice  things  about  comparators  is  that  they’re  extremely  easy  to  trou¬ 
bleshoot.  For  example,  refer  to  the  circuit  in  Figure  16.7.  There  isn't  a  whole  lot  here  that 
can  go  wrong.  In  fact,  there  are  only  three  common  problems  that  could  develop.  These 
problems  and  their  possible  causes  are  listed  in  Table  16.1.  Example  16.3  shows  how  the 
table  can  be  applied  to  a  practical  troubleshooting  situation. 
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FIGURE  16.7  Comparator  with  a  variable  reference  circuit. 
TABLE  16.1  Comparator  Troubleshooting 


Problem  Possible  Causes 


1.  No  output. 

No  input  signal 

One  or  both  supply  voltages  out 

A  bad  op-amp 

2.  The  output  changes  at  an  input  voltage  that  is 

R2  is  out  of  adjustment 

too  high. 

Ri  is  shorted  (not  likely) 

3.  The  output  changes  at  an  input  voltage  that  is 

Ai  is  open 

too  low. 

R2  is  out  of  adjustment 

CB  is  shorted  (not  likely) 
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EXAMPLE  16.3 


Determine  the  possible  cause(s)  of  the  problem  in  the  circuit  shown  in  Figure  16.8. 


+10  V 


FIGURE  16.8 


Solution:  The  first  step,  of  course,  is  to  determine  whether  any  problem  exists  at 
all.  If  you  look  at  the  voltage-divider  circuit,  you  will  notice  that  jRj  =  R2-  Therefore, 
the  reference  voltage  should  be  half  of  +  V,  or  +5  V.  Since  the  output  is  changing  at 
the  point  when  the  input  is  at  ground  rather  than  +5  V,  there  is  a  problem. 

Table  16.1  indicates  that  this  problem  could  be  caused  by  R,  open,  R2  shorted,  or 
CB  shorted.  Since  the  problem  of  /?,  open  is  by  far  the  most  likely,  the  resistance  of 
this  component  is  checked  and  found  to  be  too  high  to  measure.  Replacing  the  com¬ 
ponent  solves  the  problem. 

Practice  Problem  16.3 

Determine  the  possible  cause(s)  of  the  problem  (if  any)  in  the  circuit  shown  in 
Figure  16.9. 


As  you  can  see,  the  comparator  is  an  easy  circuit  to  analyze  and  troubleshoot.  No  mat¬ 
ter  which  circuit  configuration  is  used,  you  will  have  no  problem  dealing  with  the  circuit 
if  you  remember  the  basic  comparator  operating  principles.  The  characteristics  of  com¬ 
parators  are  summarized  in  Figure  16.10. 
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Comparator  Characteristics 


+v 


‘Schematic 

digram: 


C  rcuit 

recognition 

feature: 

Primary 

application: 


Input/output 

relationship: 


No  feedback  path  to  limit  voltage  gain. 

Voltage-level  detector:  Comparing  the 
instantaneous  value  of  an  active  signal 
to  a  fixed  dc  voltage. 


When  the  active  signal  is  applied  to  the  inverting  (-) 

: .  ,u ...  input,  the  output  goes  positive  if  Vin  is  more  negative 
than  t/re.  If  the  active  signal  is  applied  to  the 

to  O  V  if  the  inactive  ir 
connected  directly  to  ground. 


. 


FIGURE  16.10 


1.  What  is  a  comparator ?  A  Section  Review 

2.  Discuss  the  purpose  served  by  comparators  in  digital  systems. 

3.  What  is  the  circuit  recognition  feature  of  a  comparator? 

4.  What  does  the  voltage  gain  of  a  comparator  equal? 

5.  How  do  you  determine  the  reference  voltage  and  the  input/output  phase  relationship 
of  a  comparator? 

6.  What  is  a  variable  comparator ? 

7.  List  the  common  comparator  faults  and  their  causes. 


16.2  Integrators  and  Differentiators 


In  this  section,  we  will  look  at  the  operation  of  op-amp  integrators  and  differentiators. 
These  two  circuits  are  shown  in  Figure  16.1 1.  As  you  can  see,  the  two  circuits  are  nearly 
identical.  Each  contains  a  single  op-amp  and  an  RC  circuit.  However,  the  resistor  and 
capacitor  positions  in  the  two  circuits  are  reversed.  As  a  result,  the  circuits  have  opposite 
input/output  relationships.  As  shown  in  Figure  16.11,  the  integrator  converts  a  square 
wave  into  a  triangular  wave,  while  the  differentiator  converts  a  triangular  wave  into  a 
square  wave. 
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(b)  The  differentiator  converts  a  triangular  wave  to  a  rectangular  wave 
FIGURE  16.11  Op-amp  integrator  and  differentiator. 


OBJECTIVE  4  ► 

Integrator 

A  circuit  whose  output  is 
proportional  to  the  area  of  the 
input  waveform. 


16.2.1  Integrators 

The  integrator  provides  an  output  that  is  proportional  to  the  area  of  its  input  waveform. 
The  concept  of  waveform  area  is  illustrated  in  Figure  16.12a. 

In  geometry,  we  learn  that  the  area  of  a  rectangle  equals  the  product  of  its  length  and 
its  height.  For  the  waveform  in  Figure  16.12a,  the  length  is  the  pulse  width  (measured  in 
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(a)  Waveform  area 


h  h.  h  U 

(b)  Integrator  output  as  a  function  of 
input  area  versus  time 


FIGURE  16.12 
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units  of  time)  and  the  height  is  its  amplitude  (measured  in  volts).  Therefore,  the  area  of 
the  waveform  is  found  as 


A  =  Vt 

where  A  =  the  area  of  the  waveform 

V  =  the  peak  voltage  of  the  waveform 
t  =  the  pulse  width  of  the  waveform 

Figure  16.12b  shows  how  the  output  of  the  integrator  varies  with  the  area  of  the  input 
waveform.  As  you  can  see,  the  input  waveform  has  been  divided  into  four  equal  sections. 
For  ease  of  discussion,  each  section  is  referred  to  as  one  unit  of  area.  From  the  positive¬ 
going  transition  of  the  input  to  tu  we  have  one  unit  of  area.  In  response  to  this  input  con¬ 
dition,  the  output  waveform  of  the  integrator  goes  to  1.  When  t2  is  reached,  the  area  of  the 
waveform  has  increased  to  two  units  of  area  and  the  integrator  output  goes  to  2,  and  so 
on.  As  you  can  see,  the  output  of  the  integrator  indicates  the  total  number  of  area  units  at 
any  point  on  the  input  waveform. 

As  the  input  cycles  continue,  the  integrator  produces  the  corresponding  output  wave¬ 
form  shown  in  Figure  16.11a.  Note  that  the  waveform  is  shifted  180°  because  the  input 
signal  to  an  integrator  is  applied  to  the  inverting  input  of  the  op-amp.  As  you  can  see,  the 
integrator  is  acting  as  a  square  wave-to-triangular  waveform  converter. 


16.2.2  Integrator  Operation 

The  simplest  integrator  is  an  RC  circuit  like  the  one  shown  in  Figure  16.13.  With  the 
square-wave  input  shown,  the  RC  integrator  would  ideally  have  a  linear  triangular  output. 
This  ideal  output  waveform  is  shown  in  the  figure.  The  only  problem  is  that  the  capacitor 
does  not  charge/discharge  at  a  linear  rate  but,  rather,  at  an  exponential  rate.  This  produces 
the  “actual”  waveform  shown  in  the  figure. 


FIGURE  16.13  RC  integrator. 


In  Chapter  3,  you  were  shown  that  the  capacitor  in  an  RC  circuit  requires  five  time 
constants  to  reach  its  full  potential  charge,  where  a  time  constant  is  the  time  period 
found  as 


7  =  RC 


Thus,  the  time  required  for  the  capacitor  to  reach  full  charge  can  be  calculated  as 


The  integrator  can  be  viewed  as 

a  square  wave-to-triangular 
wconverten 
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When  the  value  of  Tc  equals  the  pulse  width  of  the  input,  the  RC  integrator  produces  the 
nonlinear  (actual)  output  shown  in  Figure  16.13. 

Unfortunately,  the  nonlinear  output  of  the  RC  integrator  is  not  nearly  close  enough  to 
the  ideal  integrator  output  for  most  applications.  However,  by  adding  an  op-amp  to  the 
circuit,  we  can  obtain  a  linear  output  from  the  integrator  that  is  much  closer  to  the  ideal. 

The  key  to  obtaining  a  linear  output  from  the  integrator  is  to  provide  a  constant- 
current  charge  path  for  the  capacitor.  In  other  words,  if  we  can  make  the  capacitor  charg¬ 
ing  current  constant,  the  rate  of  charge  for  the  component  becomes  constant  and  a  linear 
output  is  produced.  Keeping  this  in  mind,  let’s  take  a  look  at  the  circuit  in  Figure  16.14. 
The  constant-current  characteristic  of  this  circuit  is  based  on  two  well-known  points: 


1.  The  inverting  input  to  the  op-amp  is  held  at  virtual  ground  by  the  differential  ampli¬ 
fier  in  the  component’s  input  circuit. 

2.  The  input  impedance  of  the  op-amp  is  so  high  that  virtually  all  of  1\  passes  through 
the  feedback  path. 


These  two  points  were  established  in  Chapter  15. 


Ci 


FIGURE  16.14  Op-amp  integrator  constant-current  characteristics. 


Since  the  inverting  input  is  held  at  virtual  ground,  the  value  of  input  current  (1{)  is 
found  as 


v. 

i  —  y|n 


Assuming  that  Vin  is  constant  over  a  period  of  time  and  R,  has  a  fixed  value,  the  value  of 
/[  remains  constant  over  the  same  period  of  time.  Since  nearly  all  of  I\  passes  to  (and 
from)  the  feedback  network,  the  capacitor  is  charged  by  a  constant-current  source.  As 
long  as  yin  remains  constant,  the  capacitor  charges  (and  discharges)  at  a  linear  rate.  This 
Ramp  produces  the  ramp  (ideal)  output  shown  in  Figure  16.13. 

Another  name  for  a  voltage  that  Since  the  input  to  the  integrator  is  applied  to  the  inverting  input,  the  output  of  the  cir- 
changes  at  a  constant  (or  linear)  cuit  is  180°  out  of  phase  with  the  input.  Thus,  when  the  input  goes  positive,  the  output  is 

late. _  a  negative  ramp.  When  the  input  is  negative,  the  output  is  a  positive  ramp.  This  relation¬ 

ship,  which  was  briefly  mentioned  earlier,  is  illustrated  in  Figure  16.15. 


FIGURE  16.15  Op-amp  integrator  phase  relationship. 
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The  output  waveform  in  Figure  16.15  is  centered  around  0  V.  In  practice,  this  may  not 
be  the  case.  If  the  op-amp  has  not  been  properly  compensated,  an  output  offset  voltage 
may  center  Vout  around  some  value  other  than  0  V.  One  method  for  ensuring  that  the  out¬ 
put  is  centered  around  0  V  is  to  add  a  feedback  resistor  (Rf)  as  shown  in  Figure  16.16. 


Adding  a  feedback  resistor  ensures  that  the  output  is  centered  around  0  V,  but  it  also 
introduces  a  restriction  on  the  circuit  operation.  Like  any  RC  circuit,  the  RC  feedback  cir¬ 
cuit  has  a  cutoff  frequency.  In  this  case,  it  is  a  lower  cutoff  frequency  that  can  affect  the 
circuit  operation.  As  frequency  decreases,  the  reactance  of  the  capacitor  increases.  At 
some  point,  the  reactance  of  the  capacitor  exceeds  the  value  of  Rf,  and  the  integrating 
action  of  the  circuit  is  lost.  As  always,  the  cutoff  frequency  is  found  as 


(16.2) 


If  operating  frequency  decreases,  an  integrator  starts  to  lose  its  linear  output  characteris¬ 
tics  before  the  frequency  found  in  equation  (16.2)  is  reached.  For  an  optimum  output,  the 
value  of  Xc  should  always  be  less  than  0. 1  Rf.  Therefore,  the  circuit  should  not  be  operated 
below  the  frequency  found  by 


(16.3) 


Example  16.4  illustrates  the  frequency  limits  of  the  integrator. 


EXAMPLE  16.4 _ 

Determine  the  cutoff  frequency  for  the  circuit  shown  in  Figure  16.17.  Also,  deter¬ 
mine  the  frequency  at  which  the  output  starts  to  lose  its  linear  characteristics. 

Solution:  The  cutoff  frequency  for  the  circuit  is  found  as 


If  you  compare  equations  (16.2)  and  (16.3),  you  will  see  that  linearity  starts  to  go 
when  the  operating  frequency  is  10  times  the  cutoff  frequency.  Therefore,  we  can 
save  some  time  and  trouble  by  using 

/min  =  10/a  =  1.59  kHz 
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FIGURE  16.17 


Cf=  0.01  pF 


Practice  Problem  16.4 

An  integrator  has  values  of  Cf  =  0.1  |xF  and  Rf  =  51  kfl.  Determine  the  cutoff 
frequency  for  the  circuit.  Also,  determine  the  frequency  at  which  it  will  start  to  lose 
its  linear  characteristics. 


As  you  may  recall,  Miller’s  theorem  allows  us  to  represent  a  feedback  capacitor  as  two 
shunt  capacitances,  one  at  the  input  and  one  at  the  output,  as  shown  in  Figure  16.18.  The 
shunt  capacitances  cause  the  circuit  to  have  an  upper  cutoff  frequency  (fa)-  If  the  operat¬ 
ing  frequency  increases,  the  capacitors  begin  shorting  out  the  input  and  output  signals.  If 
the  operating  frequency  continues  to  increase,  the  input  and  output  signals  are  eventually 
attenuated  to  the  point  where  the  circuit  gain  drops  to  zero. 


FIGURE  16.18  ac  Equivalent  circuit. 

16.2.3  Integrator  Troubleshooting 

The  integrator  is  another  circuit  that  is  relatively  easy  to  troubleshoot.  Some  potential 
integrator  problems  are  listed  in  Table  16.2,  along  with  the  symptoms  of  each.  Circuit 
faults  involving  Rh  the  IC  socket,  or  the  op-amp  are  approached  in  the  manner  described 
in  Section  15.6. 


16.2.4  The  Differentiator 


OBJECTIVE  5  ► 

Differentiator 

A  circuit  whose  output  is 
proportional  to  the  rate  of 
change  of  its  input  signal. 


If  we  reverse  the  integrator  capacitor  and  resistor  (as  shown  in  Figure  16.1  lb),  we  have  a 
differentiator.  The  differentiator  provides  an  output  that  is  proportional  to  the  rate  of 
change  of  its  input  signal.  The  input/output  relationship  of  the  differentiator  is  illustrated 
in  Figure  16.19. 

The  input  signal  for  the  differentiator  is  shown  to  be  a  triangular  waveform.  Between 
times  t0  and  t2,  the  rate  of  change  of  the  input  is  constant.  Since  the  change  is  in  a  positive 
direction,  the  rate  of  change  is  a  positive  constant.  As  a  result  of  the  inverting  action  of  its 
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TABLE  16.2 

Integrator  Troubleshooting 

Fault 

Symptoms 

Rj  open 

If  Rf  opens,  the  resistor  is  effectively  removed  from  the  circuit.  Since  this  resistor 
is  used  to  keep  the  output  referenced  around  0  V,  the  major  symptom  is  the 
loss  of  this  output  reference.  Also,  the  circuit  cutoff  frequency  drops 
significantly. 

Rf  shorted 

As  you  know,  resistors  do  not  usually  short.  However,  if  something  shorts  out 

Rf,  integration  is  lost,  as  is  the  gain  of  the  circuit.  In  other  words,  the  circuit 
has  little,  if  any,  output  signal. 

Cj  open 

As  you  know,  a  capacitor  is  an  open  circuit  by  nature.  However,  if  the 
component  opens  so  that  it  prevents  coupling,  the  circuit  starts  to  act  as  a 
common  inverting  amplifier.  The  gain  of  the  circuit  becomes 

Rf 

acl  -  R 

and  the  output  changes  to  a  square  wave. 

Cf  shorted 

This  has  the  same  effect  as  Rf  shorting.  In  fact,  if  either  of  these  components 
shorts,  the  result  is  that  the  other  component  is  also  shorted.  Therefore,  you 
must  test  C)-and  A)  individually  to  see  which  component  is  actually  shorted. 

FIGURE  16.19  The  input/output  relationship  of  the  differentiator. 


Lab  Reference:  The  input/output 
relationship  for  the  differentiator  is 
demonstrated  in  Exercise  25. 


op-amp,  the  differentiator  responds  to  this  input  by  producing  a  constant  negative  output 
voltage.  Between  times  t2  and  t4,  the  rate  of  change  is  a  negative  constant.  As  a  result,  the 
differentiator  output  switches  to  a  constant  positive  voltage.  Again,  the  polarity  reversal  is 
due  to  the  inverting  action  of  the  op-amp.  Thus,  with  a  triangular  input  waveform,  the  dif¬ 
ferentiator  produces  a  rectangular  output  waveform. 

Equation  (16.2)  gave  us  a  limit  on  the  low-frequency  operation  of  the  integrator.  The 
same  equation  can  be  used  to  provide  a  limit  on  the  high-frequency  operation  of  the  dif¬ 
ferentiator.  Once  again,  the  operating  characteristics  of  the  circuits  are  opposites. 

Just  as  the  integrator  starts  to  lose  its  operating  characteristics  at  10  times  the  lower 
cutoff  frequency,  the  differentiator  starts  to  lose  its  operating  characteristics  at  one-tenth 
the  value  of /c2.  By  formula. 


1 


lOvRfC 


l/M 


(16.4) 


If  the  input  frequency  to  the  differentiator  exceeds  the  limit  determined  by  equation 
(16.4),  the  output  square  wave  starts  to  become  distorted. 
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16.2.5  Differentiator  Troubleshooting 

Like  the  integrator,  the  differentiator  is  relatively  easy  to  troubleshoot.  The  primary  faults 
that  can  develop  (other  than  a  bad  op-amp)  are  listed  in  Table  16.3,  along  with  the  symp¬ 
toms  of  each.  If  the  differentiator  fails  to  operate  and  none  of  the  symptoms  in  Table  16.3 
appears,  the  op-amp  (or  IC  socket)  is  the  most  likely  source  of  the  fault. 


TABLE  16.3  Differentiator  Troubleshooting 
Fault  Symptoms 


Cj  open 
C,  shorted 
fyopen 
Rf  shorted 


The  input  is  removed  from  the  op-amp,  and  the  output  of  the  circuit 
remains  at  (or  near)  zero. 

If  something  shorts  out  C, ,  the  gain  of  the  circuit  increases  drastically  and 
the  differentiating  action  of  the  circuit  is  lost. 

In  this  case,  the  gain  of  the  circuit  equals  the  value  of  A0l  for  the  op-amp. 
Also,  differentiating  action  is  lost. 

The  gain  of  the  circuit  drops  to  zero,  and  there  is  little  (if  any)  output  signal. 


Section  Review  ► 


1.  What  is  an  integrator ? 

2.  Describe  the  circuit  operation  of  the  op-amp  integrator. 

3.  What  is  a  rampl 

4.  List  the  common  faults  that  occur  in  op-amp  integrators  and  the  symptoms  of  each. 

5.  What  is  a  differentiator ? 

6.  Describe  the  circuit  operation  of  the  differentiator. 

7.  List  the  common  differentiator  faults  and  the  symptoms  of  each. 


16.3  Summing  Amplifiers 


OBJECTIVE  6  ► 

Summing  amplifier 

An  op-amp  circuit  that 
produces  an  output  proportional 
to  the  sum  of  its  input  voltages. 


The  summing  amplifier  is  an  op-amp  circuit  that  provides  an  output  proportional  to  the 
sum  of  its  inputs.  A  basic  summing  amplifier  is  shown  in  Figure  16.20.  The  key  to  under¬ 
standing  this  circuit  is  to  start  by  considering  each  input  as  an  individual  circuit.  If  Vx 
were  the  only  input,  the  output  would  be  found  as 

■  .. . % 

Vout  -  -Vf~ 

l 


Lab  Reference:  Summing 
amplifier  operation  is  demonstrated 
in  Exercise  24. 


Rf 


FIGURE  16.20  Summing  amplifier. 
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Similarly,  if  V2  were  the  only  input,  we  would  have 


And  if  V3  were  the  only  input,  we  would  have 


If  we  have  voltages  at  all  three  of  the  input  terminals,  the  output  is  found  using  the  sum  of 
the  equations  for  each  as  follows: 

-Vi  Rf  -V2Rf  —VjRf 

v  = - i  + .  + - 

R\  Rj  R3 


Or,  after  factoring  out  the  value  of  —Rf, 


(16.5) 


Example  16.5  demonstrates  the  procedure  for  determining  the  output  from  a  summing 
amplifier. 


EXAMPLE  16.5 _ 

Determine  the  output  voltage  from  the  summing  amplifier  in  Figure  16.21. 


Rf 

10  kfl 


Solution:  Using  the  values  shown  in  the  circuit  and  equation  (16.5),  the  output 
voltage  is  found  as 


Practice  Problem  16.5 

A  summing  amplifier  like  the  one  in  Figure  16.21  has  the  following  values:  Rf  = 
2  kfl,  =  R2  =  R3  =  1  kfl,  Vx  =  1  V,  V2  =  500  mV,  and  V3  =  1.5  V.  The  supply 
voltages  for  the  circuit  are  ±18  V.  Determine  the  value  of  Vm,,  for  the  circuit. 
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If  you  compare  the  result  in  Example  16.5  with  the  input  voltages,  you  will  see  that 
the  output  magnitude  equals  the  sum  of  the  input  voltages.  Thus,  the  term  summing 
amplifier  is  appropriate  for  the  circuit. 

In  practice,  it  is  not  always  possible  to  have  an  output  that  is  equal  to  the  sum  of  the 
input  voltages.  For  example,  what  if  the  inputs  to  Figure  16.21  had  been  +10,  +8,  and 
+7  V?  Clearly,  the  sum  of  these  voltages  is  +25  V.  However,  the  maximum  possible  out¬ 
put  voltages  from  the  circuit  are  ±  19  V.  Thus,  an  output  of  —25  V  isn’t  possible.  To  solve 
this  problem,  the  value  of  Rf  is  usually  chosen  so  that  the  output  voltage  is  proportional  to 
the  sum  of  the  inputs.  This  point  is  illustrated  in  Example  16.6. 

EXAMPLE  16.6 _ 

Determine  the  output  voltage  from  the  circuit  shown  in  Figure  16.22. 


Rf 

1  kO 


Solution:  Using  the  values  shown  in  the  circuit  and  equation  (16.5),  the  output 
voltage  is  found  as 


Practice  Problem  16.6 

A  summing  amplifier  like  the  one  in  Figure  16.22  has  the  following  values:  Rj  = 
1  kfi,  /?[  =  R2  =  R3  =  3  kO,  V\  =  2  V,  V2  =  1  V,  and  V3  =  6  V.  The  supply  volt¬ 
ages  for  the  circuit  are  ±  12  V.  Determine  the  value  of  VoUt  for  the  circuit. 


In  Example  16.6,  we  solved  the  problem  of  overdriving  the  amplifier  with  +10,  +8, 
and  +7  V  inputs  by  decreasing  the  value  of  Rf.  Now,  the  output  magnitude  is  not  equal  to 
the  sum  of  the  inputs  but,  rather,  is  proportional  to  the  sum  of  the  inputs.  In  this  case,  it  is 
equal  to  one-tenth  of  the  input  sum.  Picking  random  values  of  Vt,  V2,  and  V3  and  using 
them  in  equation  (16.5)  will  show  that  the  circuit  always  provides  an  output  that  is  one- 
tenth  of  the  sum  of  the  inputs.  (This  assumes,  of  course,  that  the  value  obtained  by  the 
equation  does  not  exceed  ±  19  V.) 

At  this  time,  several  points  should  be  made  regarding  the  summing  amplifier: 

1.  There  is  no  practical  limit  on  the  number  of  summing  inputs.  As  long  as  the  ampli¬ 
fier  is  capable  of  providing  the  correct  output  voltage,  the  circuit  can  have  any  num¬ 
ber  of  inputs.  In  this  case,  equation  (16.5)  would  be  expanded  (or  reduced)  to 
include  all  the  amplifier  inputs. 
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2.  The  input  resistors  of  a  summing  amplifier  do  not  always  have  equal  values.  In 
other  words,  the  inputs  can  be  weighted  so  that  certain  inputs  have  more  of  an  effect 
on  the  output. 


The  second  point  will  be  discussed  in  detail  when  we  look  at  a  common  application 
for  the  summing  amplifier  later  in  this  section.  First,  however,  we  will  look  at  how  you 
can  develop  a  general  formula  for  any  summing  amplifier  that  will  make  the  analysis  of 
that  circuit  easier. 


Lab  Reference:  The  effect  of 
weighting  the  inputs  to  a  summing 
amplifier  is  demonstrated  in 
Exercise  24. 


16.3.1  Circuit  Analysis 

Often,  you  need  to  predict  quickly  the  output  from  a  summing  amplifier  for  a  variety  of 
input  combinations.  This  task  is  made  easier  if  you  derive  a  general-class  output  equation 
for  the  amplifier. 

The  general-class  equation  for  a  given  summing  amplifier  is  derived  as  follows: 

1.  Determine  the  Rt/R  ratio  for  each  input  branch. 

2.  Represent  each  branch  as  the  product  of  its  resistance  ratio  and  its  input  voltage. 

3.  Add  the  products  found  in  step  2. 

Let’s  apply  this  process  to  the  circuit  shown  in  Figure  16.23.  For  the  first  branch  in  the 
circuit,  the  resistance  ratio  is 


and  the  branch  would  be  represented  as  this  ratio  times  V,,  or  simply  V,.  The  resistance 
ratio  of  the  second  branch  would  be 


and  the  branch  would  be  represented  as  0.2  V2.  Performing  this  procedure  on  the  third 
and  fourth  branches  would  yield  results  of  0.1  and  0.05,  respectively.  The  output  of  the 
circuit  can  now  be  found  as 


-VoM  =  V,  +  0.2V2  +  0.1  V3  +  0.05  V4 


This  is  the  general-class  equation  for  the  circuit  and  can  be  used  to  determine  the  output 
voltage  for  any  combination  of  input  voltages,  as  shown  in  Example  16.7. 


General-class  equation 

An  equation  derived  for  a 
summing  amplifier  that  is  used 
to  predict  the  output  from  a 
circuit  for  any  combination  of 
inputs. 


Pf 
1  kfl 


FIGURE  16.23 
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EXAMPLE  16.7 


Determine  the  output  from  the  circuit  shown  in  Figure  16.24  for  each  of  the  follow¬ 
ing  input  combinations: 


Vi  (V) 

V2(V) 

V3(V) 

+  10 

0 

+  10 

0 

+  10 

+  10 

+  10 

+  10 

+  10 

1  k« 


The  results  shown  here  are 
values  of  -  Voul.  Therefore,  the 


Solution:  First,  the  circuit  can  be  represented  by  its  general-class  equation.  For 
this  circuit,  the  equation  is  derived  as  follows: 


Rr  Rr  Rf 

■Voat  =  f  V,  +  f  V2  +  -f  V,  =  V,  +  0.5 V2  +  0.25V3 

t\]  A2  113 


Now,  using  this  equation,  we  can  determine  the  output  for  the  first  set  of  inputs  as 
-V**  =  10  V  +  0.5(0  V)  +  0.25(10  V)  =  12.5  V 
For  the  second  set  of  inputs, 

-Vout  =  0  V  +  0.5(10  V)  +  0.25(10  V)  =  7.5  V 
Finally,  for  the  third  set  of  inputs, 

— Voot  =  10  V  +  0.5(10  V)  +  0.25(10  V)  =  17.5  V 


Practice  Problem  16.7 

A  summing  amplifier  like  the  one  in  Figure  16.24  has  the  following  values:  Rf  = 
2  kfl,  Ri  =  200  ft,  R2  =  400  fl,  and  R3  =  2  kfl.  Derive  the  general-class  equation 
for  the  circuit.  Then  use  that  equation  to  determine  the  value  of  —Tout  when  Vt  = 
V2  =  V3  =  1  V. 


As  you  can  see,  deriving  the  general-class  equation  for  a  given  summing  amplifier 
makes  the  analysis  of  the  circuit  simpler,  especially  when  you  are  trying  to  determine  the 
output  for  several  different  input  conditions. 
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16.3.2  Summing  Amplifier  Applications 

One  summing  amplifier  application  is  as  a  digital-to-analog  (D/A)  converter.  This 
application  is  illustrated  in  Figure  16.25. 


-10  V 


FIGURE  16.25  Simplified  D/A  converter. 

First,  a  word  or  two  about  the  digital  circuit.  This  circuit  has  “weighted”  outputs 
(labeled  8,  4,  2,  and  1)  that  combine  to  represent  any  number  between  0  and  15.  For 
example,  let’s  say  that  each  of  the  weighted  outputs  from  the  digital  circuit  is  always  at 
either  +5  or  0  V.  The  digital  circuit  represents  the  number  10  by  providing  the  following 
combination  of  output  voltages: 

Vi(8) _ V2(4) _ V3(2)  V4(l) 

+5  V  0V  +5  V  0V 

With  +5  V  outputs  on  lines  8  and  2,  the  output  from  the  digital  circuit  represents  a  deci¬ 
mal  value  of  8  +  2  =  10.  To  represent  a  decimal  value  of  5,  the  digital  circuit  provides  an 
output  combination  of  Vl  =  0  V,  V2  =  +5  V,  V3  =  0  V,  and  V4  =  +5  V.  (This  combina¬ 
tion  for  the  decimal  number  5  agrees  with  the  outputs  shown  in  the  table  below.) 

The  D/A  converter  is  used  to  convert  the  outputs  from  the  digital  circuit  into  a  single 
voltage  that  is  proportional  to  the  numeric  output  of  the  circuit.  To  see  how  this  works, 
we  start  by  deriving  the  general-class  equation  for  the  circuit.  This  equation  is 

-Fout  =  V,  +  0.5  V2  +  0.25  V3  +  0.125F4 

Using  this  equation,  the  output  values  in  the  following  table  were  derived: 


Decimal  Value 

V,(8) 

V2(4) 

V3(2) 

V4(l) 

Vout 

0 

ov 

OV 

OV 

OV 

-ov 

1 

ov 

ov 

ov 

+5  V 

-0.625  V 

2 

ov 

ov 

+5  V 

OV 

-1.25  V 

3 

ov 

ov 

+5  V 

+5  V 

-1.875  V 

4 

ov 

+  5  V 

OV 

OV 

-2.5  V 

5 

ov 

+  5  V 

ov 

+5  V 

-3.125  V 

15 

+5  V 

+5  V 

+  5  V 

+5  V 

-9.375  V 

◄  OBJECTIVE  7 

Digital-to-analog  (D/A) 
converter 

A  circuit  that  converts  digital 
circuit  outputs  to  equivalent 
analog  voltages. 


Section  16.3  Summing  Amplifiers 


677 


It  is  not  important  for  you  to  understand  the  exact  workings  of  the  digital  circuit  out¬ 
put.  It  is  hoped  that  you  can  see  a  pattern  in  the  +5  V  outputs  from  the  circuit.  The  main 
point  is  this:  Often,  it  is  necessary  to  convert  the  voltages  produced  by  a  group  of  digital 
outputs  into  a  single  voltage.  This  is  accomplished  using  a  process  called  D/A  conversion. 
This  conversion  is  performed  by  a  summing  amplifier  whose  inputs  are  weighted  propor¬ 
tionally  to  the  weights  of  the  digital  outputs.  Thus,  as  the  digital  circuit  output  increases 
in  value,  the  output  voltage  from  the  D/A  converter  increases. 


16.3.3  Circuit  Troubleshooting 

The  problem  with  troubleshooting  a  summing  amplifier  is  that  an  open  input  line  does  not 
prevent  the  amplifier  from  working  for  the  other  input  lines.  For  example,  let’s  say  that 
the  2  kfl  resistor  in  Figure  16.25  opens.  Even  though  output  4  from  the  digital  circuit  is 
now  disabled,  the  summing  amplifier  still  provides  an  output  that  is  proportional  to  the 
sum  of  the  remaining  outputs.  Granted,  this  output  may  be  incorrect  for  the  values  pro¬ 
duced  by  the  digital  circuit,  but  this  is  not  easy  to  see  with  an  oscilloscope. 

If  you  isolate  a  system  failure  to  a  summing  amplifier,  the  best  approach  is  simply  to 
measure  the  resistance  of  each  component  in  the  circuit.  Since  all  the  circuit  components 
(other  than  the  op-amp)  are  resistors,  a  series  of  resistance  checks  is  the  fastest  way  to 
locate  the  faulty  component.  If  the  resistors  prove  to  be  good,  check  the  op-amp  and  its 
socket  (if  any). 

How  do  you  tell  when  a  summing  amplifier  isn’t  working  properly?  This  question  can 
be  answered  using  the  block  diagram  in  Figure  16.26.  Let’s  say  that  circuit  B  is  not  work¬ 
ing  properly.  A  check  of  the  input  verifies  that  the  circuit  is  not  receiving  the  proper  input 
signal.  Testing  circuit  A  verifies  that  it  is  working  properly.  Under  these  circumstances, 
the  summing  amplifier  must  be  the  source  of  the  problem.  In  this  case,  the  summing 
amplifier  is  determined  to  be  faulty  by  verifying  that  the  problem  isn  ’t  located  anywhere 
else.  As  inexact  as  this  procedure  may  seem,  it  is  often  the  best  since  summing  amplifiers 
tend  to  be  used  in  relatively  complex  digital  circuits. 


amplifier 

FIGURE  16.26 


16.3.4  Circuit  Variations 


OBJECTIVE  8  ► 


Averaging  amplifier 

A  summing  amplifier  that 
provides  an  output  proportional 
to  the  average  of  the  input 
voltage. 


By  using  the  proper  input  and  feedback  resistor  values,  a  summing  amplifier  can  be 
designed  to  provide  an  output  that  equals  the  average  of  any  number  of  input  voltages. 
An  example  of  this  type  of  circuit,  which  is  called  an  averaging  amplifier,  is  shown  in 
Figure  16.27. 


FI, 

1  ktt 


FIGURE  16.27  Averaging  amplifier. 
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If  we  derive  the  general-class  formula  for  the  circuit  shown  in  Figure  16.27,  we  obtain 


This,  by  definition,  is  the  average  of  the  three  input  voltages. 

A  summing  amplifier  is  wired  as  an  averaging  amplifier  whenever  both  of  the  follow¬ 
ing  conditions  are  met: 


1.  All  input  resistors  {Ru  R2,  etc.)  are  equal  in  value. 

2.  The  ratio  of  any  input  resistor  to  the  feedback  resistor  is  equal  to  the  number  of  cir¬ 
cuit  inputs. 


For  example,  in  Figure  16.27,  all  input  resistors  are  equal  in  value  (3  kfl).  If  we  take  the 
ratio  of  any  input  resistor  to  the  feedback  resistor,  we  get  3  kfl/1  kfl  =  3.  This  is  equal  to 
the  number  of  inputs  to  the  circuit. 

Another  variation  on  the  summing  amplifier  is  shown  in  Figure  16.28.  This  circuit, 
called  a  subtractor,  provides  an  output  that  is  equal  to  the  difference  between  V,  and  V2. 


Subtractor 

A  summing  amplifier  that 
provides  an  output  proportional 
to  the  difference  between  two 
input  voltages. 


Vi  is  applied  to  a  standard  inverting  amplifier  that  has  unity  gain.  Because  of  this,  the 
output  from  the  inverting  amplifier  equals  —  V,.  This  output  is  then  applied  to  a  summing 
amplifier  (also  having  unity  gain)  along  with  V2.  The  output  from  the  second  op-amp  is 
found  as 


-VOBt~V2  +  (-Vl)=V2-Vl 


It  should  be  noted  that  the  gain  of  the  second  stage  in  the  subtractor  can  be  varied  to 
provide  an  output  that  is  proportional  to  (rather  than  equal  to)  the  difference  between  the 
input  voltages.  However,  if  the  circuit  is  to  act  as  a  subtractor,  the  input  inverting  ampli¬ 
fier  must  have  unity  gain.  Otherwise,  the  output  will  not  be  proportional  to  the  true  differ¬ 
ence  between  V{  and  V2. 

16.3.5  Summary 

The  summing  amplifier  can  be  designed  to  provide  an  output  voltage  that  is  equal  to  the 
sum  of  any  number  of  input  voltages.  Two  variations  on  the  basic  summing  amplifier  are 
the  averaging  amplifier  and  the  subtractor.  Summing  amplifier  characteristics  are  summa¬ 
rized  in  Figure  16.29. 
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FIGURE  16.29 
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There  is  no  limit  on  the  number  of  active  inputs.  However,  the 
resistance  ratios  must  be  chosen  to  ensure  that  V.MX  never  tries  to 
exceed  the  limits  set  by  the  op-amp  supply  voltages. 


1 «  >* -  ff-  . j  ;; 


Averaging  amplifier 
Subtractor 


Multiple  inputs  connected  to  the  inverting  input  of  the  op-amp.  The 
inputs  may  come  from  a  single  source  or  a  variety  of  sources. 


Section  Review  ► 


Critical  Thinking  ► 


1.  What  is  a  summing  amplifier ? 

2.  Why  is  the  output  from  a  summing  amplifier  often  proportional  to  (rather  than  equal 
to)  the  sum  of  its  input  voltages? 

3.  Is  there  a  limit  on  the  number  of  inputs  to  a  summing  amplifier?  Explain  your 
answer. 

4.  What  is  the  general-class  equation  of  a  summing  amplifier? 

5.  List  the  steps  used  to  derive  the  general-class  equation  for  a  summing  amplifier. 

6.  What  is  a  digital-to-analog  (D/A)  converter ? 

7.  Describe  the  use  of  a  summing  amplifier  as  a  D/A  converter. 

8.  Why  are  summing  amplifiers  difficult  to  troubleshoot? 

9.  How  is  a  summing  amplifier  usually  determined  to  be  faulty? 

10.  What  is  an  averaging  amplifier? 

11.  What  are  the  resistor  requirements  of  an  averaging  amplifier? 

12.  What  is  a  subtractor? 

13.  Refer  to  the  D/A  converter  output  table  in  Section  16.3.2.  How  does  a  value  of 
—9.375  V  relate  to  a  decimal  value  of  15? 
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16.4  Instrumentation  Amplifiers 


Up  to  this  point,  we  have  concentrated  on  op-amp  circuits  that  are  most  commonly  used 
in  digital  applications.  Now,  we  will  look  at  an  op-amp  circuit  that  is  used  primarily  in 
process  control  and  measurement  applications:  the  instrumentation  amplifier.  The 
instrumentation  amplifier  is  a  high-gain,  high-CMRR  circuit  that  is  used  to  detect  and 
amplify  low-level  signals. 

The  inputs  to  an  instrumentation  amplifier  are  typically  in  the  microvolt  or  low  milli¬ 
volt  range.  As  such,  they  can  be  severely  affected  by  any  noise  at  the  amplifier  inputs. 
Noise  generated  at  the  amplifier  inputs  appears  as  common-mode  signals,  so  the  high 
CMRR  of  the  instrumentation  amplifier  gives  it  the  ability  to  ignore  noise  while  amplify¬ 
ing  any  signal  input. 

An  instrumentation  amplifier  is  shown  in  Figure  16.30.  Circuits  A  and  B  are  non¬ 
inverting  amplifiers,  and  circuit  C  acts  as  a  differential  amplifier.  We’ll  start  our  analysis 
of  the  circuit  operation  by  defining  the  output  from  circuit  A. 


+  1/ 


FIGURE  16.30  Instrumentation  amplifier. 

Since  A  is  a  noninverting  amplifier,  V[  is  amplified  by  a  factor  of  (1  +  RfRc)-  The  sig¬ 
nal  at  the  inverting  input  to  A  is  provided  by  the  output  of  B.  The  amplitude  of  this  signal 
at  the  inverting  input  can  be  shown  to  equal 


Rc 


Since  the  output  of  A  is  equal  to  the  difference  between  its  input  voltages,  vA(oul)  can  be 
found  as 


Circuit  B  is  identical  to  circuit  A.  Therefore,  the  output  from  op-amp  B  can  be  found  as 


◄  OBJECTIVE  9 


Instrumentation  amplifier 

A  circuit  used  to  amplify  low- 
level  signals  in  process  control 
or  measurement  applications. 
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Assuming  that  R3  =  R4,  the  differential  input  to  C  is  equal  to  the  difference  between  the 
above  outputs.  This  differential  input  is  found  as 


_  - 

17,  R\  R  \ 

R  1 

^S(out)  “  ^A(out)  “  ! 

[v  +  Rc/2  _  ^ ' 1  j 

Note  that  R1  =  R2  (by  design),  so  we  don’t  distinguish  between  the  two  in  the  above 
equation.  Simplifying  this  equation,  we  get 


The  differential  amplifier  is  designed  for  unity  gain.  Therefore,  the  final  circuit  output 
is  found  as 


(16.6) 


Since  the  output  from  the  op-amp  circuit  is  equal  to  the  product  of  its  closed-loop 
voltage  gain  and  differential  input,  we  can  define  the  closed-loop  voltage  gain  of  the 
circuit  as 


^CL  =  1  + 


2 R 

Rc 


(16.7) 


If  we  were  to  assume  that  v2  =  vl(  the  output  from  the  amplifier,  as  found  using 
equation  (16.6),  would  equal  0  V.  Therefore,  the  common-mode  gain  of  the  circuit 
equals  zero.  In  other  words,  the  CMRR  of  the  circuit  is  (for  all  practical  purposes) 
infinite. 

16.4.1  Circuit  Calibration 

For  the  instrumentation  amplifier  to  work  properly,  the  gain  values  of  the  input  amplifiers 
must  be  identical.  The  potentiometer  (Rc)  is  included  to  provide  a  means  of  adjusting  for 
any  difference  between  the  gain  of  A  and  the  gain  of  B.  Since  the  value  of  Rc  affects  both 
vA( out)  and  vB(out),  we  can  adjust  it  to  compensate  for  any  difference  between  the  input  gain 
values. 

The  simplest  way  to  set  Rc  to  its  proper  value  is  to  apply  a  common-mode  signal  to  the 
amplifier  inputs.  Any  difference  in  the  input  gain  values  will  result  in  the  circuit  produc¬ 
ing  an  output  voltage.  So  with  the  common-mode  signals  applied,  Rc  is  varied  until  the 
output  drops  to  0  V.  When  this  occurs,  the  circuit  is  calibrated  properly. 


Section  Review  ►  1.  What  purpose  is  served  by  an  instrumentation  amplifier? 

2.  Why  is  it  important  for  an  instrumentation  amplifier  to  have  extremely  high  gain  and 
CMRR  values? 

3.  Describe  the  calibration  process  for  a  basic  instrumentation  amplifier. 


16.5  Other  Op-Amp  Circuits 


In  this  section,  we  will  take  a  very  brief  look  at  some  other  op-amp  circuits.  These 
circuits  are  presented  merely  to  give  you  an  idea  of  the  wide  variety  of  applications  for 
the  op-amp.  We  will  not  go  into  the  details  of  circuit  analysis  or  troubleshooting  for  the 
circuits  in  this  section;  it  is  strictly  an  applications  section. 
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16.5.1  Audio  Amplifier 

The  final  output  stage  of  most  communications  receivers  is  an  audio  amplifier.  The 
audio  amplifier  is  the  circuit  that  drives  the  system  speakers.  The  ideal  audio  amplifier 
has  the  following  characteristics: 

1.  High  gain. 

2.  Minimum  distortion  in  the  audio-frequency  range  (approximately  20  Hz  to 
20  kHz). 

3.  High  input  impedance. 

4.  Extremely  low  output  impedance  (to  provide  maximum  coupling  to  the  speakers). 

In  a  low-power  audio  system,  an  op-amp  audio  amplifier  fulfills  the  requirements  listed 
very  nicely.  An  op-amp  audio  amplifier  is  shown  in  Figure  16.31.  The  first  thing  you  will 
probably  notice  about  this  circuit  is  that  the  -  V  input  to  the  op-amp  is  connected  to 
ground.  This  means  that  the  op-amp  output  always  has  some  positive  value.  Note  that  the 
coupling  capacitor  between  the  output  of  the  op-amp  and  the  speaker  is  used  to  reference 
the  speaker  voltage  around  0  V;  that  is,  it  removes  the  positive  dc  reference  from  the  op- 
amp  output.  Also,  C5  is  included  in  the  Vcc  line  to  prevent  any  transient  current  caused  by 
the  operation  of  the  op-amp  from  being  coupled  back  to  Q,  through  the  power  supply. 


The  high-gain  requirement  is  accomplished  by  the  combination  of  the  two  amplifier 
stages.  The  low  Zout  of  the  audio  amplifier  is  accomplished  by  the  op-amp  itself,  as  is  the 
low  distortion  characteristic. 


16.5.2  Voltage-Controlled  Current  Source 

As  you  know,  a  current  source  is  a  circuit  that  produces  a  constant-value  output  current. 
A  voltage-controlled  current  source  uses  an  input  voltage  to  set  the  value  of  its  output 
current.  Such  a  circuit  is  shown  in  Figure  16.32. 

To  give  you  an  idea  of  how  the  circuit  works,  the  two  sides  of  the  zener  diode  have 
been  labeled  (A)  and  (B).  Side  (B)  of  the  diode  is  common  to  the  +  V  side  of  R2,  so  this 
point  is  also  labeled  as  (B).  The  lower  side  of  the  zener  and  the  input  to  the  op-amp  are 
both  labeled  (A)  since  these  points  are  common  to  each  other.  The  virtual-ground  princi¬ 
ple  allows  us  to  also  label  the  inverting  input  to  the  op-amp  as  (A).  Continuing  the 
process,  the  lower  side  of  R2  is  also  labeled  as  (A). 

Since  the  zener  diode  and  R2  have  the  same  (A)  and  (B)  labels,  the  voltages  across 
the  two  components  are  always  equal.  The  zener  voltage  is  constant  (and  equal  to  the  Vz 


◄  OBJECTIVE  10 
Audio  amplifier 
The  final  audio  stage  in 
communications  receivers;  used 
to  drive  the  speakers. 


◄  OBJECTIVE  11 

Voltage-controlled  current 
source 

A  circuit  with  a  constant- 
current  output  controlled  by  the 
circuit  input  voltage. 
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OBJECTIVE  12  ► 

Precision  rectifier 

A  clipper  that  consists  of  a 
diode  and  an  op-amp.  The 
circuit  is  characterized  by  the 
ability  to  clip  extremely  low- 
level  input  signals. 


Section  Review 


+\/ 


FIGURE  16.32  Voltage-controlled  current  source. 


rating  of  the  component),  so  the  voltage  across  R2  is  also  constant.  As  a  result,  the  current 
through  R2  has  a  fixed  value.  Because  this  is  the  emitter  current  of  the  pnp  transistor,  the 
Q  |  collector  current  is  also  constant,  as  is  the  load  current.  Note  that  the  load  current 
stays  constant  as  long  as  ( 1CRL )  does  not  cause  the  transistor  to  saturate.  If  the  transistor 
goes  into  saturation,  current  regulation  is  lost. 


16.5.3  Precision  Rectifier 

A  precision  rectifier  is  an  op-amp/diode  circuit  characterized  by  its  ability  to  conduct  at 
extremely  low  diode  forward  voltages.  This  relatively  simple  circuit  can  be  used  in  any 
clipper  application.  For  example,  consider  the  positive  clipper  shown  in  Figure  16.33a. 
You  may  recall  that  this  circuit  is  used  to  eliminate  the  positive  portion  of  its  input  signal. 
There  is  just  one  problem  with  the  circuit:  As  shown,  the  input  signal  is  clipped  at 
approximately  700  mV.  What  if  you  want  to  clip  a  100  mVpk  input  signal  at  0  V?  The 
standard  diode  clipper  cannot  be  used  in  this  application  because  of  the  forward  voltage 
required  to  turn  on  the  diode. 

The  precision  rectifier  circuit  shown  in  Figure  16.33b  can  be  used  to  clip  a  low-level 
signal.  When  Vjn  to  the  circuit  is  more  positive  than  0  V  by  even  a  few  millivolts,  the  op- 
amp  output  goes  positive,  cutting  D\  off.  When  the  input  goes  negative,  so  does  the  out¬ 
put,  which  turns  Z?i  on.  Since  there  is  no  voltage  divider  in  the  feedback  path,  the  circuit 
acts  as  a  voltage  follower  and  the  output  is  identical  to  the  input.  The  0.7  V  drop  across 
D[  is  offset  by  the  op-amp. 

Reversing  the  direction  of  D\  produces  a  negative  clipper.  This  circuit  acts  as 
described  above.  The  only  difference  is  that  the  negative  alternation  of  the  input  is 
clipped. 


16.5.4  One  Final  Note 

Obviously,  there  is  a  nearly  endless  list  of  applications  for  the  op-amp.  We  could  not  hope 
to  cover  them  all  in  this  chapter.  In  upcoming  chapters,  you  will  see  more  op-amp  cir¬ 
cuits,  such  as  active  filters,  Schmitt  triggers,  and  so  on. 


1.  What  is  an  audio  amplifier ? 

2.  What  characteristics  of  the  op-amp  make  it  ideal  for  audio-amplifier  applications? 

3.  What  characteristics  of  the  op-amp  make  it  ideal  for  use  as  the  input  circuit  for  a 
voltmeter? 
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(a)  Shunt  rectifier  input  and  output  signals 


(b)  Precision  rectifier  input  and  output  signals 


FIGURE  16.33  Precision  rectifier  circuit. 

4.  Describe  the  operation  of  the  voltage-controlled  current  source. 

5.  Describe  the  operation  of  the  precision  rectifier. 

- -  CHAPTER  SUMMARY 

Here  is  a  summary  of  the  major  points  made  in  this  chapter: 

1.  A  comparator  is  a  circuit  used  to  compare  two  voltages.  Usually,  a  comparator  is 
used  to  make  either  of  the  following  comparisons: 

a.  Two  changing  voltages  to  each  other. 

b.  One  changing  voltage  to  a  set  dc  reference  voltage.  A  comparator  used  for  this 
purpose  is  often  called  a  level  detector. 

2.  The  output  from  a  comparator  is  normally  a  dc  voltage  that  indicates  the  polarity 
(or  magnitude)  relationship  between  two  voltages. 

3.  The  circuit  recognition  feature  of  any  comparator  is  the  lack  of  a  feedback  path 
from  the  op-amp  output  to  its  input  (see  Figure  16.3). 

4.  Most  comparators  use  a  voltage-divider  circuit  to  set  the  value  of  the  reference  volt¬ 
age  (Kef)  (see  Figure  16.4). 

5.  Comparators  come  in  a  variety  of  configurations.  Any  combination  of  the  words 
positive  and  negative  in  the  following  statement  would  be  correct:  “A  comparator  is 

a  circuit  used  to  provide  a _ output  when  the  input  voltage  is  more 

_ than  some _ reference  voltage.” 

a.  Several  example  comparator  configurations  are  shown  in  Figure  16.6. 

b.  A  variable  comparator  is  shown  in  Figure  16.7. 
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6.  Due  to  their  extremely  simple  circuitry,  comparators  are  easy  to  troubleshoot. 

7.  Comparator  characteristics  are  summarized  in  Figure  16.10. 

8.  An  integrator  provides  an  output  that  is  proportional  to  the  area  of  its  input  wave¬ 
form. 

a.  The  area  of  the  rectangular  waveform  equals  the  product  of  its  pulse  width  (mea¬ 
sured  in  units  of  time)  and  its  amplitude. 

b.  An  integrator  is  often  used  as  a  square  wave-to-triangular  wave  converter. 

c.  The  circuit  recognition  feature  of  the  integrator  is  a  capacitive  feedback  path. 

9.  An  RC  integrator  with  a  square-wave  input  provides  an  exponential  output  wave¬ 
form  (see  Figure  16.13). 

a.  An  op-amp  integrator  provides  a  linear,  or  ramp,  output  waveform. 

b.  The  linear  output  of  the  op-amp  integrator  is  based  on  the  op-amp  input  circuit, 
which  acts  as  a  constant-current  circuit.  This  circuit  allows  the  capacitor  to 
charge  (and  discharge)  at  a  linear  rate. 

10.  A  feedback  resistor  is  often  added  to  an  op-amp  integrator  to  ensure  that  the  output 
waveform  is  centered  around  0  V  (see  Figure  16.16). 

a.  When  a  feedback  resistor  is  added,  an  RC  feedback  path  is  produced  that  has  a 
lower  cutoff  frequency  (fa)- 

b.  The  output  from  the  integrator  begins  to  lose  its  linear  characteristics  at  frequen¬ 
cies  that  are  approximately  10  times  the  value  of fC\.  As  frequency  decreases,  the 
output  waveform  becomes  more  and  more  distorted. 

11.  A  differentiator  is  a  circuit  that  provides  an  output  proportional  to  the  rate  of 
change  of  its  input  signals. 

a.  Physically,  this  circuit  differs  from  the  integrator  in  the  positions  of  the  capacitor 
and  the  resistor  (see  Figure  16.1 1 ). 

b.  A  differentiator  acts  as  a  triangular  wave-to-square  wave  converter. 

12.  A  summing  amplifier  is  an  op-amp  circuit  that  produces  an  output  proportional  to 
the  sum  of  its  input  voltages.  (A  basic  summing  amplifier  is  shown  in  Figure 
16.20.) 

13.  In  many  cases,  a  summing  amplifier  is  designed  to  provide  an  output  that  'k  propor¬ 
tional  to  (rather  than  equal  to)  the  sum  of  its  inputs.  This  prevents  the  inputs  from 
overdriving  the  op-amp  output. 

14.  The  general-class  equation  for  a  summing  amplifier  is  used  to  quickly  determine 
the  output  for  any  set  of  input  voltages.  To  derive  this  equation  for  a  given  summing 
amplifier: 

a.  Determine  the  Rf/R  for  each  input  branch. 

b.  Represent  each  branch  as  the  product  of  its  resistance  ratio  and  input  voltage. 

c.  Add  the  products  found  in  step  (b). 

15.  Summing  amplifiers  are  often  used  as  digital-to-analog  (D/A)  converters. 

a.  A  D/A  converter  is  a  circuit  that  converts  a  group  of  digital  circuit  outputs  to  an 
equivalent  analog  voltage. 

b.  A  simple  D/A  converter  is  shown  in  Figure  16.25. 

16.  An  averaging  amplifier  is  a  circuit  that  provides  an  output  proportional  to  the  aver¬ 
age  of  its  input  values  (see  Figure  16.27). 

17.  A  summing  amplifier  is  wired  as  an  averaging  amplifier  when: 

a.  All  input  resistors  are  equal  in  value. 

b.  The  ratio  of  any  input  resistor  to  the  feedback  resistor  {R/Rf)  equals  the  number 
of  circuit  inputs. 

18.  A  subtractor  is  a  variation  on  the  summing  amplifier  that  provides  an  output  pro¬ 
portional  to  the  difference  between  its  input  voltages  (see  Figure  16.28). 

19.  An  instrumentation  amplifier  is  a  high-gain,  high-CMRR  amplifier  used  to  detect 
and  amplify  low-level  signals  (see  Figure  16.30). 

20.  The  final  output  stage  of  most  communications  receivers  is  an  audio  amplifier.  The 
ideal  audio  amplifier  has: 

a.  High  gain. 

b.  Minimum  distortion  in  the  audio-frequency  range  (approximately  20  Hz  to 
20  kHz). 
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c.  High  input  impedance. 

d.  Extremely  low  output  impedance. 

21.  A  voltage-controlled  current  source  is  a  circuit  with  a  constant-current  output  that 
is  controlled  by  the  circuit  input  voltage  (see  Figure  16.32). 

22.  A  precision  rectifier  is  a  clipper  (made  up  of  a  diode  and  an  op-amp)  that  can  clip 
extremely  low-level  input  signals  (see  Figure  16.33). 
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KEY  TERMS 


- - -  PRACTICE  PROBLEMS 

Section  16.1 

1.  Determine  the  value  of  Vref  for  the  comparator  in  Figure  16.34. 

2.  Determine  the  value  of  Vref  for  the  comparator  in  Figure  16.35. 

3.  Determine  the  value  of  Vref  for  the  comparator  in  Figure  16.36. 

4.  Determine  the  value  of  Vref  for  the  comparator  in  Figure  16.37. 

Section  16.2 

5.  Determine  the  cutoff  frequency  for  the  circuit  shown  in  Figure  16.38. 

6.  Determine  the  frequency  at  which  the  circuit  shown  in  Figure  16.38  will  start  to  lose 
its  linear  output  characteristics. 

7.  Determine  the  cutoff  frequency  of  the  circuit  shown  in  Figure  16.39. 

8.  Determine  the  frequency  at  which  the  circuit  shown  in  Figure  16.39  will  start  to  lose 
its  linear  output  characteristics. 

9.  Determine  the  cutoff  frequency  of  the  circuit  shown  in  Figure  16.40. 
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C,  =  .033  (iF 


FIGURE  16.40 


10.  Determine  the  frequency  at  which  the  circuit  shown  in  Figure  16.40  will  start  to  lose 
its  linear  output  characteristics. 

11.  A  differentiator  has  values  of  Ri  =  10  kO  and  C\  =  0.01  jxF.  Determine  its  maxi¬ 
mum  linear  operating  frequency  and  its  cutoff  frequency. 

12.  A  differentiator  has  values  of  Rt  =  2.2  kfl  and  C,  =  0.15  p.F.  Determine  its  maxi¬ 
mum  linear  operating  frequency  and  its  cutoff  frequency. 

Section  16.3 

13.  Derive  the  general-class  equation  for  the  summing  amplifier  in  Figure  16.41a.  Then, 
use  the  equation  to  determine  the  output  voltage  for  the  circuit. 


14.  Derive  the  general-class  equation  for  the  summing  amplifier  in  Figure  16.41b.  Then, 
use  the  equation  to  determine  the  output  voltage  for  the  circuit. 

15.  Derive  the  general-class  equation  for  the  summing  amplifier  in  Figure  16.42.  Then, 
use  the  equation  to  determine  the  output  voltage  for  the  circuit. 

16.  The  feedback  resistor  in  Figure  16.42  is  changed  to  24  kH.  Derive  the  new  general- 
class  equation  for  the  circuit,  and  determine  its  new  output  voltage. 

17.  A  five-input  summing  amplifier  has  values  off?,  =  R2  =  R3  =  R4  -  R5  =  15  kll. 
What  value  of  feedback  resistor  is  required  to  produce  an  averaging  amplifier? 

18.  A  four-input  summing  amplifier  has  values  of  Rx  =  R2  =  R3  =  R4  =  20  kft.  What 
value  of  feedback  resistor  is  required  to  produce  an  averaging  amplifier? 

19.  Refer  to  Figure  16.28.  Assume  that  V{  =  4  V  and  V4  =  6  V.  Determine  the  output 
voltage  from  the  circuit. 
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Ft, 

30  ka 


FIGURE  16.42 

20.  Refer  to  Figure  16.28.  Assume  that  Rfl  in  the  circuit  has  been  changed  to  30  kfl. 
Also,  assume  that  the  input  voltages  are  V,  =  IV  and  V2  =  3  V.  Determine  the  out¬ 
put  voltage  from  the  circuit. 


TROUBLESHOOTING 

PRACTICE  PROBLEMS  21.  The  circuit  shown  in  Figure  16.43  has  the  readings  indicated.  Determine  the  possi¬ 

ble  cause(s)  of  the  problem. 


+10  V 


22.  The  circuit  shown  in  Figure  16.44  has  the  readings  indicated.  Determine  the  possi¬ 
ble  cause(s)  of  the  problem. 


Of 

0.01  (iF 
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23.  The  circuit  shown  in  Figure  16.45  has  the  readings  indicated.  Determine  the  possible 
cause(s)  of  the  problem. 


At 

10  kft 


FIGURE  16.45 

~  ~  PUSHING  THE  ENVELOPE 

24.  Calculate  the  voltage  gain  of  the  audio  amplifier  in  Figure  16.46. 


FIGURE  16.46 


25.  The  circuit  in  Figure  16.47  has  the  component  values  shown.  Determine  the  value  of 
VCE  for  Rl  =  1  kfl  and  RL  =  3  kfl. 

26.  Design  a  circuit  to  solve  the  following  equation: 


-vout  = 


The  circuit  is  to  contain  only  two  op-amps. 
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+12  V 


FIGURE  16.47 


ANSWERS  TO  THE 


EXAMPLE  PRACTICE 

16.1 

Vout=  ±11  v 

PROBLEMS 

16.2 

+3  V 

16.3 

/?,  is  shorted  or  R2  is  open. 

16.4 

fa  =31-21  Hz,  =  312.1  Hz 

16.5 

-6  V 

16.6 

—3  V 

16.7 

-Km,  =  10V,  +  5v2  +  v3,  voul 
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Tuned  Amplifiers 


Objectives 

After  studying  the  material  in  this  chapter,  you  should  be  able  to: 

1.  Compare  and  contrast  the  frequency-response  characteristics  of  ideal  and  practical  tuned 
amplifiers. 

2.  Discuss  the  quality  ( Q)  factor  of  a  tuned  amplifier,  the  factors  that  affect  its  value,  and  its 
relationship  to  amplifier  bandwidth. 

3.  Describe  the  frequency-response  curves  of  the  low-pass,  high-pass,  band-pass,  and  band- 
stop  (notch)  filters. 

4.  Compare  and  contrast  the  frequency-response  curves  of  Butterworth,  Chebyshev,  and 
Bessel  filters. 

5.  Perform  the  gain  and  frequency  analysis  of  low-pass  and  high-pass  active  filters. 

6.  Perform  the  gain  and  frequency  analysis  of  the  two-stage  band-pass,  multiple-feedback 
band-pass,  and  notch  filters. 

7.  Describe  active  filter  fault  symptoms  and  troubleshooting. 

8.  Describe  the  frequency-response  characteristics  of  discrete  tuned  amplifiers. 

9.  Perform  the  complete  frequency  analysis  of  a  discrete  tuned  amplifier. 

10.  Discuss  the  tuning  and  troubleshooting  of  common  discrete  tuned  amplifiers. 

11.  Describe  the  operation  of  the  basic  class  C  amplifier. 


Outline 

17.1  Tuned  Amplifier  Characteristics 

17.2  Active  Filters:  An  Overview 

17.3  Low- Pass  and  High- Pass  Filters 

17.4  Band-Pass  and  Notch  Circuits 

17.5  Active  Filter  Applications  and  Troubleshooting 
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Timed  amplifier 

An  amplifier  designed  for  a 
specific  bandwidth. 


OBJECTIVE  1 


Pass  band 

The  range  of  frequencies  passed 
(amplified)  by  a  tuned  amplifier. 

Stop  band 

The  range  of  frequencies  outside 
an  amplifier’s  pass  band. 


17.6  Discrete  Tuned  Amplifiers 

17.7  Discrete  Tuned  Amplifiers:  Practical  Considerations  and  Troubleshooting 

17.8  Class  C  Amplifiers 
Chapter  Summary 

The  heart  of  any  communications  system  is  the  tuned  amplifier.  A  tuned  amplifier  is 
designed  for  a  specific  bandwidth.  For  example,  a  given  tuned  amplifier  may  be  designed 
to  amplify  only  those  frequencies  that  are  within  ±20  kHz  of  1000  kHz,  that  is,  between 
980  and  1020  kHz.  As  long  as  the  input  signal  is  within  these  frequencies,  it  is  amplified. 
If  it  goes  outside  this  frequency  range,  amplification  is  drastically  reduced. 

In  Chapter  14,  you  were  introduced  to  the  concept  of  bandwidth.  You  were  also 
shown  how  amplifier  resistance  and  capacitance  values  limit  the  frequency  response  of  a 
given  amplifier.  You  may  be  wondering,  then,  what  distinguishes  a  tuned  amplifier  from 
any  other  type  of  amplifier.  After  all,  don’t  all  amplifiers  provide  gain  over  a  limited 
band  of  frequencies?  The  difference  is  that  tuned  amplifiers  are  designed  to  have  specific 
bandwidths.  For  standard  amplifiers,  bandwith  is  viewed  as  a  limitation.  For  tuned 
amplifiers,  a  specific  bandwidth  is  a  desired  characteristic  that  is  achieved  through  cir¬ 
cuit  design.  In  many  cases,  the  bandwidth  of  a  tuned  amplifier  is  narrower  than  that  of  a 
standard  amplifier  having  the  same  geometric  center  frequency  (/o).  This  point  is  illus¬ 
trated  in  Figure  17.1 


FIGURE  17.1  Tuned  amplifier  frequency  response. 


In  this  chapter,  we  discuss  the  characteristics  of  tuned  op-amp  and  discrete  circuits. 
We  will  also  take  a  brief  look  at  some  tuned  circuit  applications. 


17.1  Tuned  Amplifier  Characteristics 


Before  we  get  into  any  specific  circuits,  let’s  take  a  moment  to  discuss  some  of  the  band¬ 
width  characteristics  of  tuned  amplifiers.  The  ideal  characteristics  of  such  an  amplifier 
are  illustrated  in  Figure  17.2. 

The  ideal  tuned  amplifier  would  have  zero  (— 00  dB)  gain  for  all  frequencies  between 
0  Hz  and  the  lower  cutoff  frequency,  (/C1).  Between  /C1  and  the  upper  cutoff  frequency 
(/c2),  the  circuit  gain  would  equal  its  design  value,  Av(mid).  If  the  operating  frequency 
were  to  exceed  the  value  of  fa,  the  gain  would  again  drop  to  zero.  Thus,  all  frequencies 
within  the  bandwidth  of  the  amplifier  would  be  effectively  passed,  while  all  others  would 
be  effectively  stopped.  This  is  where  the  terms  pass  band  and  stop  band  come  from. 

In  practice,  the  ideal  characteristics  of  the  tuned  amplifier  have  not  been  achieved.  Fig¬ 
ure  17.3  compares  the  characteristics  of  the  ideal  tuned  amplifier  to  those  of  a  more  prac¬ 
tical  circuit.  Note  that  the  gain  roll-off  of  the  practical  circuit  curve  is  not  instantaneous. 
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FIGURE  17.2  The  ideal  characteristics  of  a  tuned  amplifier. 


Av 


FIGURE  17.3  Ideal  versus  practical  pass-band  characteristics. 

Rather,  the  gain  rolls  off  from  Av(mid)  gradually  as  the  frequency  passes  outside  the  pass 
band.  As  you  will  now  be  shown,  the  roll-off  rate  is  an  important  factor  in  the  overall 
operation  of  a  tuned  amplifier. 


17.1.1  Roll-Off  Rate  Versus  Bandwidth 

We  need  to  start  this  discussion  by  establishing  two  “bottom  line”  principles: 

1.  The  closer  the  frequency-response  curve  of  a  tuned  amplifier  comes  to  that  of  the 
ideal,  the  better. 

2.  In  some  applications,  the  narrower  the  bandwidth  of  a  tuned  amplifier,  the  better. 

The  first  statement  almost  goes  without  saying.  As  with  any  circuit,  the  closer  a  tuned  cir¬ 
cuit  comes  to  its  ideal  characteristics,  the  better.  (This  has  been  the  case  with  every  compo¬ 
nent  and  circuit  we  have  discussed.)  The  second  statement  warrants  discussion.  In  Chapter 
14,  we  viewed  the  frequency  response  of  an  amplifier  as  being  a  limitation.  In  other  words, 
we  normally  consider  an  infinite  bandwidth  to  be  ideal.  This  is  not  the  case  with  tuned 
amplifiers.  With  tuned  amplifiers,  we  want  a  specific — usually  narrow — bandwidth.  For 
example,  take  a  look  at  Figure  17.4.  Here  we  see  a  pass  band  (shaded)  with  two  stop 
bands,  A  and  B.  If  a  tuned  amplifier  is  designed  to  have  a  center  frequency  of  1000  kHz 
and  a  bandwidth  of  40  kHz,  that  amplifier  can  pass  all  the  frequencies  within  the  pass  band 
while  rejecting  all  those  in  either  of  the  stop  bands.  However,  if  we  used  a  tuned  amplifier 
with  the  same  center  frequency  and  a  bandwidth  of  100  kHz,  that  amplifier  would  pass  a 
portion  of  the  frequencies  in  both  stop  bands.  This  is  not  an  acceptable  situation.  A  tuned 
amplifier  must  pass  all  the  frequencies  within  the  pass  band  while  stopping  all  others. 
Therefore,  we  want  a  given  tuned  amplifier  to  have  a  specific,  usually  narrow,  bandwidth. 
With  this  in  mind,  let’s  take  a  look  at  the  relationship  between  roll-off  rate  and  bandwidth. 

The  lower  the  roll-off  rate  of  an  amplifier,  the  greater  its  bandwidth.  This  relationship 
is  illustrated  in  Figure  17.5,  which  shows  the  frequency-response  curves  of  two  tuned 
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An  Example: 

The  frequency  ranges  shown  in 
Figure  17.4  could  represent  the 
frequency  ranges  of  three 
AM  radio  stations.  If  the  tuned 
amplifier  has  a  bandwidth  of 
40  kHz,  it  will  pick  up  only  the 
radio  station  to  which  it  is 
tunjtl  i  the  venter  -latum!  It  the 
tuned  amplifier! 


Quality  ( Q ) 

A  figure  of  merit  for  a  tuned 
amplifier  that  is  equal  to  the 
ratio  of  center  frequency  to 
bandwidth. _ 
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(in  stop  band  A)  (in  stop  band  B) 

FIGURE  17.4  Frequency  bands. 


amplifiers.  The  curves  indicate  that  the  circuits  have  the  same  geometric  center  frequency 
(/o)>  yet  the  circuit  with  the  lower  roll-off  rate  has  a  much  greater  bandwidth.  If  we  apply 
this  principle  to  the  frequency  groups  in  Figure  17.4,  we  can  see  that  we  must  limit  the 
roll-off  rate  of  a  tuned  amplifier  if  it  is  to  be  used  for  a  specific  application.  The  roll-off 
rate  and  bandwidth  of  a  tuned  amplifier  are  controlled  by  the  quality  ( Q)  of  the  circuit. 

The  quality  ( Q )  of  a  tuned  amplifier  is  a  figure  of  merit  that  equals  the  ratio  of  center 
frequency  (/0)  to  bandwidth.  By  formula, 


y_5v-.e 

Q  = 


BW 


(17.1) 


where  f0  is  the  geometric  center  frequency  of  the  amplifier.  Example  17.1  illustrates  the 
relationship  given  in  equation  (17.1). 


Av  BW  (curve  A) 


FIGURE  17.5  Bandwidth  versus  roll-off  rate. 

EXAMPLE  17.1 _ 

What  is  the  required  Q  of  a  tuned  amplifier  used  for  the  application  shown  in 
Figure  17.4? 

Solution:  The  pass  band  in  Figure  17.4  has  a  geometric  center  frequency  of 
1000  kHz  and  a  bandwidth  of  40  kHz.  Using  these  two  values,  the  required  Q  is 
found  as 


I 

i _ 
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Thus,  the  tuned  amplifier  used  in  this  application  would  require  a  Q  of  approxi¬ 
mately  25. 


Practice  Problem  17.1 

An  amplifier  with  a  geometric  center  frequency  of  1200  kHz  has  a  bandwidth  of 
20  kHz.  Determine  the  Q  of  the  amplifier. 


Equation  (17.1)  is  somewhat  misleading  because  it  implies  that  the  Q  of  an  amplifier 
depends  on  the  circuit’s  geometric  center  frequency  and  bandwith.  The  Q  of  a  tuned 
amplifier  actually  depends  on  component  values  within  the  circuit  (as  does  the  value  of 
fo).  Once  these  values  have  been  calculated,  the  bandwidth  of  a  tuned  amplifier  is  found 
using 


(17.2) 


The  following  example  further  illustrates  this  point. 


EXAMPLE  17.2  _ 

Using  the  proper  circuit  calculations,  the  Q  of  a  given  amplifier  is  found  to  be  60. 
If  the  geometric  center  frequency  for  the  amplifier  is  1860  kHz,  what  is  its  band¬ 
width? 

Solution:  With  a  geometric  center  frequency  of  1860  kHz  and  a  Q  of  60,  the 
amplifier  bandwidth  is  found  as 


fo  1860  kHz 

[*r  _  lit  —  Z—SL  ...  ~ 

Q  60 


Practice  Problem  17.2 

The  Q  of  an  amplifier  is  determined  to  be  25.  If  the  geometric  center  frequency  of 
the  circuit  is  1400  kHz,  what  is  its  bandwidth? 


As  we  discuss  various  tuned  amplifiers,  you  will  be  shown  how  to  calculate  the  values 
of/0  and  Q  for  each.  Once  these  values  are  known,  determining  the  bandwidth  of  a  tuned 
amplifier  is  simple. 


17.1.2  Geometric  Center  Frequency 

As  you  may  recall,/0  is  the  geometric  average  of /C1  and  By  formula, 

(17.3) 

When  the  Q  of  an  amplifier  is  greater  than  (or  equal  to)  2,  the  value  of/0  approaches 
the  algebraic  average  of  /C1  and  fC2  (designated  /ave);  that  is,  /0  approaches  a  value  that  is 
exactly  halfway  between /C1  and/C2.  By  formula, 

fo  =  Ave  (when  Q  s*  2) 

where  /ave  is  the  algebraic  average  of/cl  and  fC2,  which  is  found  as 

/ave  =  -y—  (17.4) 


Example  17.3  demonstrates  the  relationship  between  f0  and/ave  when  0  5=  2. 


What  determines  the  Q  of  an 
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EXAMPLE  17.3 


A  Practical  Consideration: 

The  cutoff  frequencies  of  a 
tuned  amplifier  §re  measured 


The  cutoff  frequencies  for  a  tuned  amplifier  are  measured  as  fC\  —  960  kHz  and 
fc2  =  1440  kHz.  Using  equations  (17.3)  and  (17.4),  determine  the  values  of/0  and 
/ave  for  the  circuit.  Then,  verify  that  the  value  of  Q  for  the  circuit  is  greater  than  2. 

Solution:  Using  equation  (17.3),  the  value  of /0  is  found  as 

fo  =  VfcJcz  =  V(960  kHz)(1440  kHz)  =  1176  kHz 


Using  equation  (17.4),/ave  is  found  as 


fcx  +  fc 
2 


960  kHz  +  1440  kHz 

9 


=  1200  kHz 


The  value  of  Q  for  the  circuit  is  now  found  as 


fo 


BW 


1 176  kHz 
4B0  kHz 


As  you  can  see,  the  value  of  f0  approaches  the  value  of  /ave  when  the  Q  of  an  ampli¬ 
fier  is  greater  than  (or  equal  to)  2.  (In  this  case,  the  difference  between  /0  and  /ave 
was  approximately  2%.) 


Practice  Problem  17.3 

A  tuned  amplifier  has  measured  cutoff  frequencies  of  980  and  1080  kHz.  Show  that 
fo  —  /ave  for  the  circuit  and  that  the  circuit  value  of  Q  is  greater  than  2. 


You  may  be  wondering  how  you  can  tell  when  the  value  of  Q  for  an  amplifier  is 
greater  than  2.  You  can  assume  that  the  value  of  Q  is  greater  than  (or  equal  to)  2  when  the 
value  off)  for  the  circuit  is  at  least  two  times  its  bandwidth.  As  long  as  this  condition  is 
met,  the  Q  of  the  amplifier  will  be  greater  than  (or  equal  to)  2,  and  /0  will  be  approxi¬ 
mately  equal  to  /ave.  As  you  will  learn,  this  relationship  simplifies  the  frequency  analysis 
of  many  tuned  amplifiers. 


Section  Review  ► 


Critical  Thinking  ► 


1.  What  are  the  characteristics  of  the  ideal  tuned  amplifier? 

2.  How  does  the  frequency  response  of  the  practical  tuned  amplifier  vary  from  that  of 
the  ideal  tuned  amplifier? 

3.  What  is  the  relationship  between  the  roll-off  rate  and  the  bandwidth  of  a  tuned 
amplifier? 

4.  What  is  the  quality  ( Q )  rating  of  a  tuned  amplifier? 

5.  What  is  the  relationship  between  the  values  of  Q  and  BW  for  a  tuned  amplifier? 

6.  What  determines  the  value  of  Q  for  a  tuned  amplifier? 

7.  What  is  the  relationship  between  the  values  of  Q  and /0  for  a  tuned  amplifier? 

8.  Based  on  the  curves  in  Figure  17.5,  what  is  the  relationship  (if  any)  between  ampli¬ 
fier  Q  and  voltage  gain? 


17.2  Active  Filters:  An  Overview 


Active  filter 

A  tuned  op-amp  circuit. 

curve. 


Tuned  op-amp  circuits  are  generally  referred  to  as  active  filters.  There  are  four  basic 
types  of  active  filters,  each  with  its  own  circuit  configurations  and  frequency  response 
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17.2.1  Overview 


The  frequency-response  curve  for  each  type  of  filter  is  shown  in  Figure  17.6.  The  low-  M  OBJECTIVE  3 
pass  filter  represented  in  Figure  17.6a  passes  all  frequencies  from  0  Hz  (dc)  up  to  an 
upper  cutoff  frequency  ( fc ).  The  high-pass  filter  represented  in  Figure  17.6b  passes  all 
frequencies  above  a  lower  cutoff  frequency  (/c). 

The  curve  in  Figure  17.6b  implies  that  a  high-pass  filter  does  not  have  an  upper  cutoff 
frequency.  Since  the  op-amp  has  a  unity-gain  frequency,  the  circuit  must  have  an  upper 
cutoff  frequency.  However,  this  frequency  is  normally  well  beyond  the  operating  fre¬ 
quency  of  the  filter,  so  it  is  of  no  consequence. 

Ay(dB)  ^v(dB) 


Low-pass  filter 

A  filter  designed  to  pass  all 
frequencies  below  a  given 
cutoff  frequency. 

High-pass  filter 

A  filter  designed  to  pass  all 
frequencies  above  a  given 
cutoff  frequency. 


^v(dB) 


FIGURE  17.6  Active  filter  frequency-response  curves. 


Av(dB) 


(d)  Band-stop  (notch) 


The  band-pass  filter  (represented  in  Figure  17.6c)  passes  all  frequencies  that  fall 
between  its  values  of/cl  and  fa-  The  band-stop  filter,  or  notch  filter,  blocks  all  frequen¬ 
cies  between  its  values  of  fC\  and  fc 2.  In  other  words,  it  passes  all  frequencies  below  /C1 
and  above  fC2  (as  shown  in  Figure  17. 6d).  Note  that  band-pass  and  notch  filters  have 
opposite  frequency-response  characteristics. 

One  critical  point  needs  to  be  made  at  this  time:  The  concepts  of  Q,  center  frequency, 
and  bandwidth  are  related  primarily  to  the  band-pass  and  notch  filters.  When  we  are  dealing 
with  band-pass  and  notch  filters,  we  are  generally  concerned  with  the  bandwidths  of  such 
amplifiers,  along  with  their  respective  values  of  Q  and  f0.  However,  when  we  are  dealing 
with  low-pass  and  high-pass  filters,  we  are  concerned  only  with  the  circuit  cutoff  frequency. 
The  concepts  of  Q  and  center  frequency  generally  are  not  applied  to  these  circuits. 


Band-pass  filter 

One  designed  to  pass  all 
frequencies  that  fall  between  its 
cutoff  frequencies  (/cl  and  fa)- 
Band-stop  (notch)  filter 
One  designed  to  block  all 
frequencies  that  fall  between  its 
cutoff  frequencies  (  fC\  and  fa). 


17.2.2  General  Terminology 


Before  we  analyze  the  operation  of  any  specific  circuits,  we  need  to  establish  some  terms 
that  are  commonly  used  to  describe  active  filters.  The  first  of  these  is  the  term  pole.  A 
pole  is  simply  an  RC  circuit.  Thus,  a  one-pole  filter  contains  one  RC  circuit,  a  two-pole 


Pole 

A  single  RC  circuit. 
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filter  contains  two  RC  circuits,  and  so  on.  The  term  order  is  also  used  to  identify  the  num¬ 
ber  of  RC  circuits  in  an  active  filter.  For  example,  a  first-order  active  filter  contains  one 
pole,  a  second-order  active  filter  contains  two  poles,  and  so  on. 

Why  do  we  emphasize  the  number  of  poles?  As  you  learned  in  Chapter  14,  gain  roll¬ 
off  rates  are  additive.  The  more  poles  in  an  active  filter,  the  higher  the  gain  roll-off  rate 
when  the  circuit  is  operated  outside  its  pass  band.  For  example,  one  type  of  active  filter 
(called  a  Butterworth  filter )  has  a  roll-off  rate  of  20  dB/decade  per  pole.  The  following 
table  illustrates  the  relationship  among  order,  poles,  and  gain  roll-off  for  Butterworth 
filters: 

Filter  Type  Number  of  Poles a  Total  Gain  Roll-Off 

First  order  1  20  dB/decade 

Second  order  2  40  dB/decade 

Third  order  3  60  dB/decade 

‘RC  circuits. 

17.2.3  Butterworth,  Chebyshev,  and  Bessel  Filters 

OBJECTIVE  4  ►  The  Butterworth  filter  has  relatively  constant  gain  across  its  pass  band,  as  shown  in  Figure 
17.7a.  The  term  flat  response  is  commonly  used  to  describe  this  constant-gain  characteris¬ 
tic.  When  we  speak  of  flat  response,  we  mean  that  the  value  of  Av(dB)  remains  relatively  con¬ 
stant  across  the  pass  band.  Because  they  have  the  best  flat-response  characteristics,  Butter¬ 
worth  filters  are  sometimes  referred  to  as  maximally  flat  or  flat-flat  filters.  Figure  17.7b 
shows  the  differences  in  the  response  curves  of  first-,  second-,  and  third-order  Butterworth 
low-pass  filters. 


Butterworth  filter 

An  active  filter  characterized  by 
a  flat  pass-band  response  and 
20  dB/decade  roll-off  rates. 


^v(dB)  ''V(dB) 


FIGURE  17.7  Butterworth  low-pass  response  curves. 


Chebyshev  filter 

An  active  filter  characterized  by 
an  irregular  pass-band  response 
and  high  initial  gain  roll-off 
rates. 


Another  type  of  filter,  the  Chebyshev  filter,  has  a  higher  initial  roll-off  rate  (per  pole) 
than  a  Butterworth  filter.  However,  there  are  two  inherent  problems  with  the  Chebyshev 
filter: 

1.  The  gain  of  a  Chebyshev  filter  is  not  constant  across  its  pass  band. 

2.  The  Chebyshev  filter  has  a  greater  roll-off  rate  only  for  frequencies  just  outside  the 
pass  band.  As  the  operating  frequency  moves  futher  outside  the  pass  band,  the 
Chebyshev  and  Butterworth  filters  have  equal  roll-off  rates. 


Ripple  width 

The  maximum  variation  in  filter 
gain,  measured  in  dB. 


These  two  characteristics  are  illustrated  in  Figure  17.8.  Figure  17.8a  shows  the  response 
curve  of  a  first-order  Chebyshev  filter.  As  you  can  see,  the  gain  of  the  Chebyshev  filter 
varies  across  the  pass  band.  The  ripple  width  of  the  filter  is  a  maximum  variation  in  fil¬ 
ter  gain,  measured  in  dB.  For  the  curve  in  Figure  17.8a,  the  ripple  width  is  3  dB.  It 
should  be  noted  that  the  ripple  width  of  a  Chebyshev  filter  can  be  reduced  (by  design) 
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Ripple 

width 


A|/(dB) 


Ay(dB) 


(a)  A  Chebyshev  response  curve 
FIGURE  17.8  Chebyshev  frequency  response. 


(b)  Response  curves  for  comparable  Chebyshev  and 
Butterworth  filters 


but  at  the  expense  of  its  high  initial  roll-off  rate.  In  other  words,  if  a  Chebyshev  filter  is 
designed  for  a  lower  ripple  width,  its  roll-off  characteristics  come  closer  to  those  of  a 
Butterworth  filter. 

Figure  17.8b  shows  the  response  curves  of  comparable  Chebyshev  and  Butterworth  fil¬ 
ters.  Note  that  the  Chebyshev  has  a  higher  initial  roll-off  rate  than  the  Butterworth  filter. 
However,  as  the  circuit  operating  frequency  moves  futher  outside  the  pass  band,  the  two 
circuits  eventually  reach  the  same  roll-off  rate. 

Even  though  the  Chebyshev  filter  has  a  higher  initial  roll-off  rate,  the  Butterworth  fil¬ 
ter  provides  consistent  gain  across  its  pass  band.  As  a  result,  the  Butterworth  is  by  far  the 
more  commonly  used  of  the  two.  Even  so,  the  Butterworth  filter  has  its  own  drawback: 
The  time  delay  (from  input  and  output)  produced  by  the  Butterworth  filter  is  not  constant 
across  its  pass  band.  This  means  that  two  (or  more)  frequencies  applied  to  a  Butterworth 
filter  do  not  experience  the  same  phase  shift  from  input  to  output.  The  gain  provided  by 
the  filter  is  constant,  but  the  phase  shift  is  not.  This  can  produce  severe  signal  distortion 
from  input  to  output. 

The  Bessel  filter  is  designed  to  provide  a  constant  phase  shift  across  its  pass  band.  The 
constant  phase  shift  of  the  Bessel  filter  results  in  greater  fidelity  (ability  to  reproduce  a 
waveform  accurately)  than  either  the  Butterworth  or  Chebyshev  filter.  However,  the  cir¬ 
cuit  has  the  disadvantage  of  a  lower  initial  roll-off  rate  (as  shown  in  Figure  17.9). 

Of  the  three  filter  types  introduced  in  this  section,  the  Butterworth  is  the  most  com¬ 
monly  used.  For  this  reason,  we  will  concentrate  on  this  type  of  circuit  in  the  upcoming 
sections. 


Bessel  filter 

A  filter  designed  to  provide  a 
constant  phase  shift  across  its 
pass  band. 

Fidelity 

The  ability  of  a  circuit  to 
accurately  reproduce  a 
waveform. 


''VdB) 


FIGURE  17.9  Chebyshev,  Butterworth,  and  Bessel  response  curves. 
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Section  Review  ► 


1.  What  is  an  active  filter ? 

2.  Describe  the  frequency-response  characteristics  of  low-pass,  high-pass,  band-pass, 
and  notch  filters. 

3.  What  is  a  pole} 

4.  What  is  the  relationship  between  the  order  of  a  filter  and  its  poles? 

5.  Why  is  the  number  of  poles  in  an  active  filter  important? 

6.  What  are  the  frequency-response  characteristics  of  a  Butterworth  filter ? 

7.  Compare  the  frequency  response  of  a  Chebyshev  filter  to  that  of  a  Butterworth  filter. 

8.  What  is  ripple  width!  How  does  ripple  width  relate  to  gain  roll-off? 

9.  What  is  the  inherent  drawback  of  a  Butterworth  filter?  What  can  result  from  this 
drawback? 

10.  What  is  a  Bessel  filter ?  What  are  its  primary  strengths  and  weaknesses? 

11.  Write  a  brief  paragraph  comparing  the  frequency-response  characteristics  of  Butter¬ 
worth,  Chebyshev,  and  Bessel  filters. 


17.3  Low-Pass  and  High-Pass  Filters 


17.3.1  The  Single-Pole  Low-Pass  Filter 

OBJECTIVE  5  ►  The  single-pole  Butterworth  filter  is  designed  as  either  a  variable-gain  circuit  or  a  voltage 
follower.  The  variable-gain  circuit  is  shown  in  Figure  17.10.  As  you  can  see,  this  circuit  is 
simply  a  noninverting  amplifier  with  an  RC  circuit  added  to  the  active  input.  Since  the 
reactance  of  the  capacitor  decreases  as  frequency  increases,  the  RC  circuit  limits  the  high- 
frequency  response  of  the  circuit.  The  cutoff  frequency  for  this  type  of  circuit  is  found  as 


(17.5) 


This  is  the  same  basic  relationship  that  we  used  to  find/c  for  the  circuits  we  discussed  in 
Chapter  14.  Example  17.4  demonstrates  the  process  for  determining  the  bandwidth  of  a 
single-pole  low-pass  filter. 


Many  of  the  circuits  in  the  next 
several  sections  contain 
op-amps  that  are  drawn  with 
the  noninverting  input  at  the 
top  of  the  symbol  (like  the  one 

drawn  like  this  to  si, 

Sfl&M . 


EXAMPLE  17.4 _ 

Determine  the  bandwidth  of  the  single-pole  low-pass  filter  in  Figure  17.1 1.  Also  (as 
a  review)  determine  the  maximum  value  of  ACL  for  the  circuit. 
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FIGURE  17.11 


Solution:  Using  the  circuit  values  of  R{  and  C'h  the  upper  cutoff  frequency  is 
found  as 


fc  ~ 


2 ttRjC,  277(33  kft)(0.1  piF) 


48.23  Hz 


Since  the  amplifier  is  capable  of  working  as  a  dc  amplifier  (0  Hz),  there  is  no  lower 
cutoff  frequency  for  the  circuit.  Thus,  the  bandwidth  is  equal  to  the  value  of  fc. 

Because  the  circuit  is  a  noninverting  amplifier,  its  value  of  ACL  is  found  using  a 
form  of  equation  (15. 16)  as  follows: 


Rfi 

Ax "  -k~  +  1 


4.7  kO 


R 


‘/2 


9.1  kO 


+  1  =  1.52 


Practice  Problem  17.4 

A  single-pole  low-pass  filter  like  the  one  in  Figure  17.1 1  has  values  of  Rt  =  47  kO, 
C,  =  0.033  pp,  Rn  =  10  kO,  and  Rf2  =  10  kO.  Determine  the  values  of/c  and  ACL 
for  the  circuit. 


The  frequency-response  curve  for  the  circuit  in  Example  17.4  can  be  drawn  as  shown 
in  Figure  17.12.  The  dB  value  of  midband  voltage  gain  shown  in  the  figure  was  deter¬ 
mined  as  follows: 

ACL(dB)  =  20  log  Acl  =  20  log  (1.52)  =  3.637  dB 


48.23  Hz 
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At  48.23  Hz,  the  gain  of  the  amplifier  is  reduced  to  0.637  dB  ''approximately  1.08).  If  the 
operating  frequency  increases  to  96.46  Hz  (one  octave  above  the  cutoff  frequency),  the 
gain  of  the  circuit  decreases  to 

Acl  =  0.637  dB  -  6  dB  =  -5.363  dB  (at  96.46  Hz) 


This  indicates  that  the  filter  can  actually  attenuate  the  input  signal.  In  other  words,  at 
some  point,  the  output  amplitude  is  actually  less  than  the  input  amplitude. 

When  unity  (0  dB)  gain  is  desired,  the  unity-gain  circuit  shown  in  Figure  17.13  may 
be  used.  Note  that  the  bandwidth  for  this  circuit  is  determined  in  the  same  manner  as 
described  previously.  As  you  can  see,  this  circuit  is  nothing  more  than  a  voltage  follower 
with  an  RC  circuit  added  to  the  input.  Thus,  the  voltage  gain  of  the  circuit  is  approxi¬ 
mately  0  dB.  Note  that  Rj  is  included  for  op-amp  compensation,  and  its  value  does  not 
affect  any  circuit  calculations.  The  value  of  Rf  is  normally  selected  to  equal  the  value  of 
the  input  resistor  (/?,). 


Lab  Reference:  The  operation  of  a 
unity-gain  filter  is  demonstrated  in 
Exercise  26. 


Ft, 


FIGURE  17.13  Unity-gain  circuit. 


17.3.2  The  Two-Pole  Low-Pass  Filter 


The  two-pole  circuits  shown  in 
Figure  17.14  are  also  referred 
to  as  Sallen-Key  filters  (after 
U||ir  developers)  and  V<7V$ 


As  stated  earlier,  a  two-pole  low-pass  filter  has  a  roll-off  rate  of  40  dB/decade.  Two  com¬ 
monly  used  two-pole  low-pass  filter  configurations  are  shown  in  Figure  17.14.  As  you 
can  see,  each  circuit  has  two  RC  circuits,  R\-CY  and  R2-C2 •  As  the  operating  frequency 
increases  beyond  fc,  each  RC  circuit  reduces  ACL  by  20  dB/decade,  giving  a  total  roll-off 
rate  of  40  dB/decade.  The  cutoff  frequency  for  each  circuit  in  Figure  17.14  is  found  as 


1 

/C  2itV 

(17.6) 


Lab  Reference:  The  operation  of  a 
two-pole  unity-gain  filter  is 
demonstrated  in  Exercise  26. 


There  is  a  restriction  on  the  closed-loop  gain  of  a  two-pole  low-pass  filter.  For  the  fil¬ 
ter  to  have  a  Butterworth  response  curve,  ACL  can  be  no  greater  than  1.586  (4  dB).  This 
means  that  you  cannot  have  a  high-gain  two-pole  low-pass  filter  with  a  flat  response 
curve.  The  derivation  of  the  value  1.586  involves  calculus  and  is  not  covered  here.  In  this 
case,  we  simply  accept  the  value  as  valid. 

Fulfilling  the  requirements  of  ACL  <  1.586  is  no  problem  for  the  unity-gain  filter  in 
Figure  17.14a.  This  circuit,  which  is  in  a  voltage-follower  configuration,  has  a  standard 
value  of  ACL  =  1.  Again,  Rf  in  the  circuit  is  included  for  offset  compensation,  and  its 
value  is  selected  to  equal  the  value  of  the  input  resistor  (/?i). 

The  variable-gain  filter  in  Figure  17.14b  can  be  designed  for  any  value  of  ACL 
between  1  and  the  upper  limit  of  1.586.  Note  that  this  circuit  is  normally  designed 
according  to  the  following  guidelines: 


1.  R2  =  /?! 

2.  C2  =  2  C, 

3.  Rfl  0.586 Rf2 
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c2 

ft 


FIGURE  17.14  Common  two-poLe  low-pass  filter  configurations. 


C2 


Example  17.5  illustrates  these  relationships  along  with  the  process  for  determining  the 
bandwidth  of  a  two-pole  low-pass  filter. 


EXAMPLE  17.5 _ 

Verify  that  the  circuit  in  Figure  17.15a  conforms  to  the  component  value  relation¬ 
ships  listed  for  a  two-pole  Butterworth  filter.  Also,  determine  the  bandwidth  of  the 
filter,  and  draw  its  response  curve. 


C2 

0.033  |iF 


FIGURE  17.15 


715  Hz 


Solution:  First,  let’s  verify  the  component  relationships.  R{  and  R2  are  equal  in 
value,  while  C2  is  approximately  twice  the  value  of  Ct.  Also  note  that  the  value  of 
Rfi  is  approximately  equal  to  0.586/fy-2. 

The  cutoff  frequency  (and,  thus,  the  bandwidth)  of  the  filter  is  found  as 

/  _  . .  =  —  1  . .  =  715  Hz 

lifV R1R2C1C2  2ttV(10  kQ)(10  kfl)(0.015  p,F)(0.033  |xF) 


|  The  value  of  3.94  dB  in  Figure 
17.15b  was  found  by  solving 

*n 


Acl  ^ 


M 


i 


mm 


... 
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Using  the  value  of/c  for  the  circuit,  the  response  curve  is  drawn  as  shown  in  Figure 
17.15b. 


Practice  Problem  17.5 

A  filter  like  the  one  in  Figure  17.15  has  the  following  values:  C\  =  10  nF,  C2  = 
22  nF,  and  Rt  =  R2  =  12  kfl.  Calculate  the  value  of/c  for  the  circuit. 


17.3.3  The  Three-Pole  Low-Pass  Filter 

In  Chapter  14,  you  were  shown  that  the  dB  roll-off  rates  of  cascaded  stages  add  to  form 
the  total  roll-off  rate  for  the  amplifier.  It  would  follow  that  a  three-pole  filter,  which  has 
a  roll-off  rate  of  60  dB/decade,  could  be  formed  by  cascading  a  single-pole  filter  with  a 
two-pole  filter.  This  circuit  would  have  the  combined  roll-off  rate  of  20  dB  +  40  dB  = 
60  dB  per  decade.  A  three-pole  low-pass  filter  is  shown  in  Figure  17.16. 


FIGURE  17.16  Three-pole  low-pass  filter. 


For  the  three-pole  low-pass  filter  to  have  a  Butterworth  response  curve,  the  closed- 
loop  gains  of  the  filter  stages  must  be  limited  as  follows: 

1.  The  two-pole  filter  must  have  a  value  of  ACL  <  4  dB. 

2.  The  one-pole  filter  must  have  a  value  of  ACL  <  2  dB. 


How  is  a  multipole  active  filter 


As  long  as  both  of  these  requirements  are  fulfilled,  the  filter  will  have  a  Butterworth 
response  curve.  Also,  note  that  the  two  filters  would  be  tuned  to  the  same  value  of/c.  All 
circuit  calculations  for  this  amplifier  are  the  same  as  those  performed  earlier. 

Can  active  filters  have  more  than  three  poles?  Yes.  If  you  see  an  active  filter  with  more 
than  three  poles,  just  remember  the  following  points: 

1.  The  filter  will  have  a  20  dB/decade  roll-off  for  each  pole.  For  example,  a  five-pole 
filter  would  have  a  roll-off  rate  of  5  X  20  dB/decade  =  100  dB/decade. 


706 


Chapter  17  Tuned  Amplifiers 


2.  All  stages  will  be  tuned  to  the  same  cutoff  frequency.  Thus,  the  overall  cutoff  fre¬ 
quency  is  approximately  equal  to  the  value  of/c  for  any  stage. 


17.3.4  High-Pass  Filters 

Figure  17.17  shows  several  typical  high-pass  filters.  The  high-pass  filter  differs  from  the 
low-pass  filter  in  two  respects:  First,  and  most  obvious,  is  that  the  resistors  and  capacitors 
have  swapped  positions.  Second,  the  multipole  circuits  are  designed  to  fulfill  the  follow¬ 
ing  conditions: 

1.  C,  =  C2. 

2.  Rl  =  2 R2. 

Since  the  capacitors  are  in  series  with  the  amplifier  input,  they  limit  the  low-frequency 
operation  of  the  circuit.  Note  that  the  value  of  fc  for  each  circuit  is  found  using  the  same 
equation  that  we  used  to  find  fc  for  the  equivalent  low-pass  filter. 

As  frequency  decreases,  the  reactance  of  a  given  series  capacitor  increases.  This 
causes  a  larger  portion  of  the  input  signal  to  be  dropped  across  the  capacitor.  When  the 


What  are  the  differences 
between  low-pass  and  high 


(c)  Three-pole 

FIGURE  17.17  Typical  high-pass  active  filters. 
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Lab  Reference:  The  operating 
characteristics  of  one-pole  and  two- 
pole  high-pass  filters  are 
demonstrated  in  Exercise  28. 


operating  frequency  reaches  the  value  of  fc,  the  series  capacitors  reduce  the  gain  of  the 
amplifier  by  3  dB. 

We  will  not  spend  any  time  on  these  circuits  since  their  operating  principles  should  be 
familiar  to  you  by  now.  Just  remember  that  these  circuits  abide  by  all  the  rules  established 
up  to  this  point.  The  only  difference  is  that  they  pass  frequencies  above  their  cutoff 
frequencies. 


17.3.5  Filter  Gain  Requirements 

In  this  section,  you  have  been  provided  with  the  gain  requirements  for  several  low-pass 
and  high-pass  active  filters.  Fulfilling  these  requirements  provides  a  Butterworth  response 
curve;  that  is,  each  filter  has  relatively  constant  gain  until  its  cutoff  frequency  is  reached. 
Then,  the  gain  rolls  off  at  an  approximate  rate  of  20  dB/decade  per  pole. 

The  gain  requirements  for  a  variety  of  Butterworth  active  low-pass  and  high-pass  fil¬ 
ters  are  summarized  in  Table  17.1.  The  derivations  of  these  gain  requirements  are  way 
beyond  the  scope  of  this  text.  However,  you  should  be  aware  that  almost  every  type  of 
low-pass  or  high-pass  active  filter  has  gain  requirements  that  must  be  fulfilled  if  the  cir¬ 
cuit  is  to  have  a  Butterworth  response  curve. 


Note  that  the  maximum  gain 
for  low-pass  and  high-pass 
active  filters  increases  by  2  dB 
for  each  pole  added  to  the 


TABLE  17.1  Butterworth  Filter  Gain  Requirements 


Number  of  Poles 

Maximum  Overall 
Voltage  Gain a 

Approximate  Roll-Off  Rate 
(dB/Decade) 

2 

1.586 

(4  dB) 

40 

3 

2 

(6  dB) 

60 

4 

2.58 

(8  dB) 

80 

5 

3.29 

(10  dB) 

100 

6 

4.21 

(12  dB) 

120 

7 

5.37 

(14  dB) 

140 

aDecibel  values  are  rounded  off  to  the  nearest  whole  number. 


Any  of  the  multiple  filters  described  in  Table  17.1  can  be  constructed  using  the  appro¬ 
priate  number  of  two-pole  and  one-pole  cascaded  stages.  For  example,  a  five-pole  circuit 
can  be  constructed  by  cascading  two  two-pole  circuits  and  one  one-pole  circuit.  To  obtain 
the  appropriate  frequency-response  characteristics  for  a  five-pole  filter,  the  following 
requirements  must  be  met  by  the  circuit: 

1.  Each  of  the  two-pole  circuits  is  limited  to  a  closed-loop  voltage  gain  of  4  dB,  and 
the  one-pole  circuit  is  limited  to  a  closed-loop  voltage  gain  of  2  dB.  This  provides  a 
maximum  overall  voltage  gain  of  4  dB  +  4  dB  +  2  dB  =  10  dB,  the  value  given  in 
Table  17.1  for  a  five-pole  active  filter. 

2.  The  resistor  and  capacitor  values  must  to  be  chosen  so  that  all  three  stages  have 
identical  cutoff  frequencies. 

As  long  as  these  requirements  are  met,  the  circuit  operates  as  a  Butterworth  filter. 

The  component  requirements  for  one-pole  and  two-pole  Butterworth  low-pass  and 
high-pass  active  filters  are  summarized  in  Figures  17.18  and  17.19.  Note  that  the  values 
of  R  and  C  determine  the  cutoff  frequencies  according  to  the  proper  form  of  the  following 
equation: 


2  rcRC 


Also,  note  that  any  of  the  circuits  shown  can  be  converted  to  unity-gain  (0  dB)  circuits  by 
removing  the  lower  (grounded)  resistor  in  the  feedback  path,  Rf2- 
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FIGURE  17.18 

1.  What  steps  are  involved  in  analyzing  active  one-pole,  two-pole,  and  three-pole  low-  ◄  Section  Review 
pass  filters? 

2.  What  is  the  difference  between  low-pass  and  high-pass  active  filters? 

3.  Describe  the  dB  gain  and  roll-off  characteristics  of  low-pass  and  high-pass  filters. 


17.4  Band-Pass  and  Notch  Circuits 


You  may  recall  that  band-pass  filters  are  designed  to  pass  all  frequencies  within  their  ◄  OBJECTIVE  6 
bandwidths,  while  notch  filters  (band-stop  filters)  are  designed  to  block  all  frequencies 
within  their  bandwidths.  In  this  section,  we  will  take  a  look  at  several  band-pass  and 
notch  filters. 

17.4.1  The  Two-Stage  Band-Pass  Filter 

A  band-pass  filter  can  be  constructed  by  cascading  a  high-pass  filter  and  a  low-pass  filter. 

Such  a  circuit  is  shown  in  Figure  17.20a.  The  first  stage  of  the  amplifier  passes  all  fre¬ 
quencies  that  are  below  its  cutoff  frequency.  The  frequencies  passed  by  the  first  stage  are 
coupled  to  the  second  stage,  which  passes  all  frequencies  above  its  cutoff  frequency.  The 
result  of  this  circuit  action  is  shown  in  Figure  17.20b.  Note  that  the  only  frequencies  that 
pass  through  the  amplifier  are  those  that  fall  within  the  pass  band  of  both  amplifiers. 
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A  Practical  Consideration: 

The  order  of  the  low-pass  and 
high-pass  filters  is  unimportant. 


FIGURE  17.19 

The  frequency  analysis  of  a  circuit  like  the  one  in  Figure  17.20a  is  relatively  simple. 
The  cutoff  frequencies  are  found  as  shown  in  Section  17.3.  Once  the  values  of /C1  and  /c2 
are  known,  the  circuit  values  of  bandwidth,  geometric  center  frequency,  and  Q  are  found 
as  follows: 

BW  =  fa  —  fci 
fo  ~  V/ci/c2 

^  BW 

The  following  example  demonstrates  a  complete  frequency  analysis  of  the  two-stage 
band-pass  filter. 


EXAMPLE  17.6 _ 

Perform  the  complete  frequency  analysis  of  the  amplifier  in  Figure  17.21. 

Solution:  The  value  of  fa  is  determined  by  the  first  stage  of  the  circuit  (a  low- 
pass  filter)  as  follows: 
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The  value  of/cl  is  determined  by  the  second  stage  of  the  circuit  (a  high-pass  filter) 
as  follows: 


fcl  = - /  1  = - ,  ■  ■■  =  =  750Hz 

2-nV R3RAC3C4  2irV(30  kfl)(15  kO)(O.Ol  p.F)(0.01  pJF) 


Thus,  the  circuit  passes  all  frequencies  between  750  Hz  and  1.13  kHz.  All  others 
are  effectively  blocked  by  the  band-pass  filter. 

Now  that  the  values  of  fcl  and  /C2  are  known,  we  can  solve  for  the  amplifier 
bandwidth  as  follows: 


BW  =  fc2  ~  fc\  =  1.13  kHz  -  750  Hz  =  380  Hz 


The  geometric  center  frequency  is  found  as 

fo  =  V/a7h  =  V(750  Hz)(1.13  kHz)  =  921  Hz 


Finally,  the  value  of  Q  is  found  as 


921  Hz  = 
380  Hz  " 


2.42 


Practice  Problem  17.6 

A  filter  like  the  one  in  Figure  17.21  has  values  of  R}  =  R2  -  12  kfl,  C\  =  C3  = 
C4  =  0.01  fiF,  C2  =  0.02  p,F,  R3  =  39  kfl,  and  R4  =  20  kfl.  Perform  the  frequency 
analysis  of  the  filter. 


The  two-stage  band-pass  filter  is  the  easiest  of  the  band-pass  filters  to  analyze.  How¬ 
ever,  it  has  the  disadvantage  of  requiring  two  op-amps  and  a  relatively  large  number  of 
resistors  and  capacitors.  As  you  will  see,  the  physical  construction  of  the  multiple-feedback 
band-pass  filter  is  much  simpler  than  that  of  the  two-stage  filter.  At  the  same  time,  the  fre¬ 
quency  analysis  of  the  multiple-feedback  band-pass  filter  is  a  bit  more  difficult  than  that  of 
the  two-stage  filter. 


Multiple-feedback  band-pass 
filter 

A  band-pass  filter  that  has  a 
single  op-amp  and  two 
feedback  paths,  one  resistive 
and  one  capacitive. 

Lab  Reference:  The  operation  of  a 
circuit  like  the  one  in  Figure  17.22 
is  demonstrated  in  Exercise  27. 


17.4.2  Multiple-Feedback  Band-Pass  Filters 

The  multiple-feedback  band-pass  filter,  which  is  shown  in  Figure  17.22,  derives  its 
name  from  the  fact  that  it  has  two  feedback  networks,  one  capacitive  and  one  resistive. 
Note  the  presence  of  the  input  series  capacitor  (C,)  and  the  input  shunt  capacitor  (C2). 
The  series  capacitor  affects  the  low-frequency  response  of  the  filter,  while  the  shunt 
capacitor  affects  its  high-frequency  response.  This  point  is  illustrated  in  Figure  17.23. 


C2 


FIGURE  17.22  A  multiple-feedback  band-pass  filter. 
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FIGURE  17.23  Ideal  band-pass  active  filter  circuit  operation. 


Let’s  begin  our  discussion  of  the  circuit  operation  by  establishing  some  ground  rules. 
To  simplify  our  discussion,  we  will  assume  that: 

1.  C2  <  Ci. 

2.  A  given  capacitor  acts  as  an  open  circuit  until  a  short-circuit  frequency  is  reached. 
At  that  point,  the  capacitor  is  represented  as  a  short  circuit. 

(Granted,  the  operation  of  the  capacitors  is  more  complicated  than  this,  but  we  want  to 
start  by  getting  the  overall  picture  of  how  the  circuit  works.) 

When  the  input  frequency  is  below  the  short-circuit  frequency  for  C, ,  both  capacitors 
act  as  open  circuits.  Since  C,  >  C2,  we  know  that  the  short-circuit  frequency  for  C,  is 
lower  than  that  of  C2.  Therefore,  as  long  as  C,  is  an  open,  C2  is  also  an  open.  Having  both 
capacitors  acting  as  opens  gives  us  the  equivalent  circuit  shown  in  Figure  17.23a.  As  you 
can  see,  the  input  signal  is  completely  isolated  from  the  op-amp.  Therefore,  the  circuit 
has  no  output. 
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Now,  assume  that  the  lower  cutoff  frequency  for  the  filter  (/C1)  equals  the  short-circuit 
frequency  for  C,.  When/C1  is  reached,  Cx  becomes  a  short  circuit,  while  C2  remains 
open.  This  gives  us  the  equivalent  circuit  shown  in  Figure  17.23b.  For  this  circuit,  vin  has 
no  problem  making  it  to  the  input  of  the  op-amp,  and  the  filter  acts  as  an  inverting  ampli¬ 
fier.  Thus,  at  frequencies  above /C],  the  filter  has  an  output. 

Assume  now  that  fa  equals  the  short-circuit  frequency  of  C2.  When/C2  is  reached,  we 
have  the  equivalent  circuit  shown  in  Figure  17.23c.  Now  both  capacitors  are  acting  as 
short  circuits.  The  input  signal  has  no  problem  making  it  to  the  op-amp,  but  now  the  out¬ 
put  is  shorted  back  to  the  input.  Since  the  gain  of  an  inverting  amplifier  is  found  as 


The  actual  equation  used  to 
find  Acl  for  the  multiple- 
feedback  filter  is  a  variation  on 


and  Rf  is  effectively  shorted,  the  closed-loop  voltage  gain  of  the  circuit  is  zero  at  frequen¬ 
cies  above  fa-  If  we  put  these  three  equivalent  circuits  together,  we  have  a  circuit  with 
zero  voltage  gain  when  operated  at  frequencies  below  fcl,  relatively  high  voltage  gain 
when  operated  at  frequencies  between  /C1  and  /C2,  and  zero  voltage  gain  when  operated  at 
frequencies  above  fa-  This,  by  definition,  is  a  band-pass  filter. 


17.4.3  Circuit  Frequency  Analysis 

As  you  know,  the  cutoff  frequency  for  a  given  low-pass  or  high-pass  active  filter  is  found 
using 


This  equation  is  modified  to  provide  us  with  the  following  equation  for  the  geometric 
center  frequency  of  a  multiple-feedback  band-pass  filter: 


Example  17.7  demonstrates  the  use  of  this  equation  in  determining  the  geometric  center 
frequency  of  a  multiple-feedback  filter. 


EXAMPLE  17.7 _ 

Determine  the  value  off0  for  the  filter  in  Figure  17.24. 


KL1 

E(f>3 

L  J 


FIGURE  17.24 
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Solution:  The  center  frequency  of  the  circuit  is  found  as 


2irV(*i  1  R2)RfC]C2  2tt  V(10  kfl  ||  10  kO)(40  kfl)(0.1  |xF)(0.068  jiF) 


- —  =  136.5  Hz 

2m0.n0 1 166) 


Practice  Problem  17.7 

A  multiple-feedback  fdter  has  the  following  values:  R{  =  R2  =  30  kfl,  Rf  =  68  kfi, 
C\  =  0.22  |xF,  and  C2  =  0.1  |xF.  Determine  the  value  off0  of  the  circuit. 


Once  the  center  frequency  of  a  multiple-feedback  filter  is  known,  we  can  calculate  the 
value  of  g  for  the  circuit  using  the  following  equations: 

C  =  VC,C2  (17.8) 

and 

Q  =  TTfoRfC  (17.9) 

Example  17.8  shows  how  equations  (17.8)  and  (17.9)  are  used  to  determine  the  g  of  a 
multiple-feedback  filter. 


EXAMPLE  17.8 _ 

Determine  the  values  of  g  and  bandwidth  for  the  filter  in  Figure  17.24. 

Solution:  In  Example  17.7,  the  center  frequency  of  the  filter  was  found  to  be 
1 36.5  Hz.  Using  this  value,  the  g  of  the  circuit  is  found  as 

C  =  Vc\c2  =  V(0.1  p,F)(0.068  |xF)  -  0.082  jiF 

and 

Q  ~  ir/o RfC  =  it(  136.5  Hz)(40  kO)(0.082  p,F)  =  1.41 
The  bandwidth  of  the  circuit  is  found  as 


fo  136.5  Hz 

BW-Q--T4i-  =  97Hl 


Practice  Problem  17.8 

Determine  the  values  of  Q  and  bandwidth  for  the  filter  described  in  Practice  Prob¬ 
lem  17.7. 


Once  the  values  of  center  frequency,  Q,  and  bandwidth  are  known,  the  values  of/cl  and 
fc2  for  the  multiple-feedback  filter  can  be  determined.  The  equations  used  to  determine  the 
cutoff  frequencies  of  the  filter  will  vary  with  the  Q  of  the  circuit;  that  is,  we  will  use  one  set 
of  equations  to  fmd/C]  and when  g  3=  2  and  another  set  to  find/cl  and  /C2  when  Q  <  2. 

You  may  recall  that  the  value  of  f0  approaches  the  algebraic  average  (/ave)  of  /C]  and 
fa  when  g  3=  2,  as  was  discussed  in  Section  17.1.  Since /ave  is  halfway  between  the  cut¬ 
off  frequencies,  we  can  use  the  following  equations  to  approximate  the  values  of/cl  and 
fC2  when  g  3=  2: 

BW 

7ci  =  fo  -  ~Y  when  g  3*  2  (17.10) 
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(12  kHz)(1.031)  +  3  kHz  =  1 


fc2  —  fo  + 


(17.11) 


Remember,  the  above  equations  may  be  used  only  if  Q  is  greater  than  or  equal  to  2.  If  Q 
is  less  than  2,  we  have  to  use  two  equations  that  are  a  bit  more  complex. 

The  actual  relationship  between /ave  and  f0  is  given  as 


(17.12) 


When  the  Q  of  a  multiple-feedback  filter  is  less  than  2,  equations  (17.10)  and  (17.11) 
must  be  modified  to  take  into  account  the  difference  between /ave  and/0  as  follows: 


(17.13) 


(17.14) 


Example  17.9  demonstrates  the  fact  that  equations  (17.10)  and  (17.11)  can  be  used  to 
approximate  the  values  of/C)  and/C2  when  Q  is  greater  than  (or  equal  to)  2. 


EXAMPLE  17.9 _ _ _ 

A  multiple-feedback  filter  has  values  of  f0  =  12  kHz  and  B W  =  6  kHz.  Approxi¬ 
mate  the  values  of  fC\  and  /c2.  Then  determine  the  percentage  of  error  in  the 
approximated  values. 

Solution:  With  the  values  of  f0  and  BW  given,  we  know  that  the  Q  of  the  circuit 
is  2.  Thus,  the  values  of/cl  and  fC2  can  be  approximated  as 


12  kHz  -  3  kHz  =  9  kHz 


BW 

fez  =/o  +  —  =  12  kHz  +  3  kHz  =  15  kHz 

Now,  we’ll  use  equations  (17.13)  and  (17.14)  to  validate  the  approximated  values  of 
fc j  and/c2  as  follows: 
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Finally,  the  error  percentages  in  the  approximated  values  of  fci  and  fC2  are  found  as 


„  „  „  1 9.37  kHz  -  9  kHz  | 


and 


,  ,,  ,  1 15.37  kHz  -  15  kHz  |  . 

fc 2-  %  of  error  = - - X  100  =  2.- 

15.37  kHz 


These  error  percentages  are  well  below  the  acceptable  limit  of  10%,  so  we  can 
accept  the  approximations  as  being  valid. 

Practice  Problem  17.9 

A  multiple-feedback  filter  has  values  of /0  =  20  kHz  and  BW  =  5  kHz.  Approxi¬ 
mate  the  values  of/cl  and  /C2  for  the  circuit,  and  then  determine  the  percentages  of 
error  in  those  approximated  values. 


The  value  of  Q  for  the  majority  of  active  filters  is  greater  than  2.  However,  in  those 
cases  when  Q  <2,  you  should  be  aware  that  the  approximated  values  of/cl  and/C2  may 
not  be  acceptable.  This  point  is  illustrated  in  Example  17.10. 


EXAMPLE  17.10  _ 

An  active  filter  has  values  of/0  =  100  Hz  and  Q  =  1.02.  Approximate  the  values  of 
fc\  and/c2.  Then  determine  the  percentages  of  error  in  those  approximated  values. 

Solution:  First,  the  bandwidth  of  the  filter  is  found  as 


nw  fo  100  Hz 

O'  1..2  *  . 


The  values  of/cl  and  fC2  are  approximated  as 


/ci  —  fo - Y~  ~  100  Hz  -  49  |1|:* 


and 


BW 

fci  =fo  +  —  =  100  Hz  +  49  Hz  =  149  Hz 


Using  equations  (17.13)  and  (17.14),  the  cutoff  frequencies  for  the  circuit  are  found 
as 


and 
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Finally,  the  percentages  of  error  are  found  as 


fa :  %  of  error  =  i62Hz^  51Hz|  x  100  =  17.74% 


fci.  %  of  error 


62  Hz 
j  160 Hz  -  149 Hzl 
160  Hz 


X  100  =  6.! 


While  the  percentage  of  error  in  the  approximated  value  of/C2  is  acceptable,  the  per¬ 
centage  of  error  in  the  fcl  approximation  is  not.  Therefore,  we  cannot  approximate  the 
cutoff  frequencies  for  a  filter  with  a  Q  that  is  less  than  2. 


17.4.4  Filter  Gain 

In  most  cases,  the  analysis  of  a  multiple-feedback  filter  begins  and  ends  with  calculating 
the  frequency  response  of  the  circuit.  However,  being  able  to  predict  the  closed-loop  volt¬ 
age  gain  of  the  circuit  provides  us  with  a  very  valuable  troubleshooting  tool,  as  you  will 
see  in  our  discussion  on  troubleshooting  active  filters. 

The  following  equation  is  used  to  find  the  closed-loop  voltage  gain  of  a  multiple- 
feedback  filter: 


!ci. 


II 

2R,„ 


(17.15) 


where  Rm  is  the  circuit  series  input  resistor.  Example  17.11  demonstrates  the  calculation 
of  Ac l  for  a  multiple-feedback  filter. 


EXAMPLE  17.11 _ 

Determine  the  closed-loop  voltage  gain  for  the  filter  in  Figure  17.24. 

Solution:  For  this  circuit,  R2  is  the  circuit  series  input  resistor.  Using  the  values  of 
Rf  and  R2,  the  value  of  ACL  is  found  as 

Rf  40  kO  „ 

A,-,  =  — -  = -  -  2 

CL  2R2  20  kfl 


Practice  Problem  17.11 

Determine  the  closed-loop  voltage  gain  for  the  filter  described  in  Practice  Problem 
17.7.  Assume  that  R{  is  the  series  input  resistor  for  the  circuit. 


This  completes  the  analysis  of  the  multiple-feedback  band-pass  filter.  At  this  point,  we 
will  move  on  to  discuss  the  operation  of  two  notch  filters.  The  first  will  be  a  cascaded 
notch  filter  that  is  similar  to  the  two-stage  band-pass  filter  that  we  covered  earlier.  Then, 
we  will  take  a  brief  look  at  the  multiple-feedback  notch  filter. 


17.4.5  Notch  Filters 

As  you  were  told  earlier  in  this  section,  a  notch  filter  is  designed  to  block  all  frequencies 
that  fall  within  its  bandwidth.  A  multistage  notch  filter  block  diagram  and  frequency- 
response  curve  are  shown  in  Figure  17.25.  As  you  can  see,  the  circuit  is  made  up  of  a 
high-pass  filter,  a  low-pass  filter,  and  a  summing  amplifier.  In  Chapter  16,  you  were 
shown  that  a  summing  amplifier  is  a  circuit  designed  to  produce  an  output  that  is  propor¬ 
tional  to  the  sum  of  its  input  voltages.  In  the  case  of  the  multistage  notch  filter,  the  output 
of  the  summing  amplifier  equals  the  sum  of  its  input  voltages. 

The  multistage  notch  filter  is  designed  so  that  fC\  (which  is  set  by  the  low-pass  filter)  is 
lower  in  value  than  fCn  (which  is  set  by  the  high-pass  filter).  The  gap  between  the  values  of 
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(a)  The  circuit  block  diagram 


A/\Cl 


(b)  The  circuit  frequency  response  characteristics 
FIGURE  17.25  Multistage  notch  filter  block  diagram  and  its  frequency-response  curve. 

fci  and  fd  is  the  bandwidth  of  the  filter.  This  relationship  is  illustrated  in  the  frequency- 
response  curve  in  Figure  17.25b. 

When  the  circuit  input  frequency  is  lower  than  fci,  the  input  signal  passes  through  the 
low-pass  filter  to  the  summing  amplifier.  Since  the  input  frequency  is  below  the  cutoff 
frequency  of  the  high-pass  filter,  v2  is  zero.  Thus,  the  output  from  the  summing  amplifier 
equals  the  output  from  the  low-pass  filter. 

When  the  circuit  input  frequency  is  higher  than  fC2,  the  input  signal  passes  through  the 
high-pass  filter  to  the  summing  amplifier.  Since  the  input  frequency  is  above  the  cutoff 
frequency  of  the  low-pass  filter,  vx  is  zero.  Now,  the  summing  amplifier  output  equals  the 
output  from  the  high-pass  filter.  Note  that  the  frequencies  below  fcx  and  above  fC2  have 
been  passed  by  the  notch  filter. 

When  the  circuit  input  frequency  is  between  /C1  and  fa,  neither  of  the  filters  produces 
an  output  (ideally).  Thus,  v,  and  v2  are  both  equal  to  zero,  and  the  output  from  the  sum¬ 
ming  amplifier  also  equals  zero.  In  practice,  of  course,  the  exact  output  from  the  notch  fil¬ 
ter  depends  on  how  close  the  input  frequency  is  to  either  fcl  or  fa.  But,  in  any  case,  the 
output  from  the  notch  filter  is  greatly  reduced  when  it  is  operated  within  its  bandwidth. 

The  circuit  represented  in  Figure  17.25  is  constructed  as  shown  in  Figure  17.26.  While 
the  circuit  appears  confusing  at  first,  closer  inspection  shows  that  it  is  made  up  of  circuits 
that  we  have  already  discussed.  The  low-pass  filter  consists  of  the  op-amp  labeled  IC1  and 
all  the  components  with  the  L  subscript.  This  low-pass  filter,  though  drawn  differently  than 
you  are  used  to  seeing,  is  identical  to  the  low-pass  input  stage  of  the  band-pass  filter  in  Fig¬ 
ure  17.20.  The  high-pass  filter  consists  of  the  op-amp  labeled  IC2  and  all  the  components 
with  the  H  subscript.  This  circuit  is  identical  to  the  high-pass  output  stage  of  the  band-pass 
filter  in  Figure  17.20.  Finally,  the  summing  amplifier  is  made  up  of  the  op-amp  labeled  IC3 
and  all  the  components  with  the  S  subscript.  Despite  the  complex  appearance  of  the  circuit, 
it  operates  exactly  as  described  in  our  discussion  of  the  notch  filter  block  diagram. 

The  frequency  analysis  of  the  notch  filter  shown  in  Figure  17.26  is  identical  to  that  of 
the  two-stage  band-pass  filter.  First,  the  cutoff  frequencies  of  the  low-pass  and  high-pass 


Section  17.4  Band-Pass  and  Notch  Circuits 


719 


OVout 


FIGURE  17.26  A  multistage  notch  filter. 


filters  are  determined.  Then,  using  the  calculated  cutoff  frequencies,  the  circuit  values  of 
bandwidth,  geometric  center  frequency,  and  Q  are  determined. 


17.4.6  The  Multiple-Feedback  Notch  Filter 

The  multiple-feedback  notch  filter,  which  is  shown  in  Figure  17.27,  is  very  similar  to  its 
band-pass  counterpart.  The  capacitors  in  the  notch  filter  (C ]  and  C2)  react  to  a  change  in 
frequency  (ideally)  as  described  in  our  discussion  on  multiple-feedback  band-pass  filters. 
However,  the  connection  of  vin  to  the  noninverting  input  of  the  op-amp  (via  the  R2—R3 
voltage  divider)  radically  alters  the  overall  circuit  response  as  follows: 


A  Practical  Consideration: 

C|  always  produces  a  phase 
shift.  Even  though  this  phase 
shift  may  be  extremely  small,  it 
still  prevents  vin  from  appearing 
at  both  inputs  of  the  op-amp  at 
the  same  time.  Therefore,  the 
liiluii  'till  h.i-  a  relatively  loa 
amplitude  output  signal  when 


1.  When  f„  <fd,  C,  prevents  the  input  voltage  from  reaching  the  inverting  input  of 
the  op-amp.  However,  the  signal  is  still  allowed  to  reach  the  noninverting  input,  and 
a  noninverted  output  is  produced  by  the  circuit. 

2.  When  fm  >/cl,  the  input  signal  is  applied  to  both  the  inverting  and  noninverting  inputs 
of  the  op-amp.  In  other  words,  vin  starts  to  be  seen  by  the  op-amp  as  a  common-mode 
signal.  As  you  recall,  op-amps  reject  common-mode  input  signals.  Therefore,  there  is 
little  or  no  output  from  the  filter  when  the  input  signal  is  within  the  bandwidth  of  the 
op-amp. 

3.  When  /in  >  /C2,  both  capacitors  act  as  short  circuits.  While  C2  partially  shorts  out 
the  signal  at  the  inverting  input  of  the  op-amp  (reducing  its  amplitude),  vin  is  still 
applied  to  the  noninverting  op-amp  input.  In  this  case,  the  op-amp  amplifies  the  dif¬ 
ference  between  the  two  input  signals.  Again,  the  circuit  has  a  measurable  output. 

Putting  it  all  together,  the  circuit  acts  as  a  noninverting  amplifier  when  the  input  fre¬ 
quency  is  lower  than  fci  or  higher  than /c2.  When  the  input  frequency  is  within  the  band- 
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FIGURE  17.27  A  multiple-feedback  notch  filter. 


width  of  the  filter,  the  op-amp,  to  one  degree  or  another,  sees  vin  as  a  pair  of  common¬ 
mode  signals  and  rejects  those  signals  accordingly. 

The  frequency  analysis  of  the  notch  filter  is  very  similar  to  that  of  the  band-pass  filter. 
The  only  equation  modification  is  as  follows: 


fo  = 


2m"  \'R  ]  Rf  C? }  C'2 


(17.16) 


The  final  difference  lies  in  the  ACL  characteristic  of  the  circuit.  When  operated  above  fC2, 
C2  acts  as  a  short  circuit,  and  the  filter  acts  as  a  voltage  follower.  To  have  equal  gain  val¬ 
ues  on  both  sides  of  the  stop  band  (that  is,  below  fcl  and  above  /C2),  the  values  of  Rf  and 
Rx  are  normally  selected  to  provide  a  low-frequency  gain  that  is  as  close  to  unity  (1)  as 
possible.  Thus,  the  closed-loop  voltage  gain  can  be  approximated  as 


Acl=1  (OdB) 


(17.17) 


17.4.7  One  Final  Note 

There  are  far  too  many  types  of  active  filters  to  cover  in  a  textbook  of  this  type.  In  this 
chapter,  you  have  been  introduced  to  several  active  filters.  It  should  not  surprise  (or  dis¬ 
courage)  you  to  know  that  there  are  literally  hundreds  of  active  filter  configurations. 
Although  we  have  not  been  able  to  completely  cover  the  topic  of  active  filters,  you  should 
now  have  the  knowledge  needed  to  pursue  the  study  of  active  filters  further. 


1.  Describe  how  cascaded  low-pass  and  high-pass  filters  can  form  a  band-pass  filter.  ◄  Section  Review 

2.  List,  in  order,  the  steps  taken  to  perform  the  frequency  analysis  of  a  two-stage  band¬ 
pass  filter. 

3.  In  terms  of  circuit  construction  and  analysis,  contrast  the  two-stage  band-pass  filter 
with  the  multiple-feedback  band-pass  filter. 

4.  Which  capacitor  in  the  multiple-feedback  band-pass  filter  controls  the  high- 
frequency  response  of  the  circuit?  Which  one  controls  its  low-frequency  response? 

5.  Briefly  describe  the  operation  of  the  multiple-feedback  band-pass  filter. 

6.  List,  in  order,  the  steps  taken  to  analyze  the  frequency  response  of  a  multiple-feed¬ 
back  band-pass  filter. 

7.  How  does  the  analysis  of  a  Q  <  2  multiple-feedback  filter  differ  from  that  of  a  g  > 

2  filter? 

8.  Describe  the  operation  of  the  multistage  notch  filter  in  Figure  17.26. 
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9.  How  would  you  analyze  the  frequency  response  of  a  notch  filter  like  the  one  in  Fig¬ 
ure  17.26? 

10.  Briefly  describe  the  operation  of  the  multiple-feedback  notch  filter. 

11.  Refer  to  Figure  17.20.  If  a  fault  caused  fC2  to  drop  to  a  value  lower  than  /C1,  what 
effect  would  it  have  on  the  overall  circuit  frequency  response? 


17.5  Active  Filter  Applications  and  Troubleshooting 


Biomedical  electronics 

The  area  of  electronics  that 
deals  with  medical  test  and 
treatment  equipment. 


It  was  stated  at  the  beginning  of  this  chapter  that  tuned  circuits  are  used  primarily  in 
communications  electronics.  Audio  and  video  circuits  make  extensive  use  of  tuned  cir¬ 
cuits.  At  the  same  time,  tuned  circuits  are  also  used  in  other  areas  of  electronics,  such  as 
biomedical  electronics,  the  area  of  electronics  that  deals  with  medical  test  and  treat¬ 
ment  equipment. 

In  this  section,  we  will  take  a  look  at  several  audio  applications  for  active  filters.  We 
will  also  take  a  look  at  basic  active  filter  troubleshooting. 


17.5.1  An  Audio  Crossover  Network 


Crossover  network 

A  circuit  designed  to  separate 
high-frequency  audio  from  low- 
frequency  audio. 


A  crossover  network  is  a  circuit  that  is  designed  to  split  the  audio  signal  from  a  stereo, 
television,  or  other  communications  system  so  that  the  high-frequency  portion  of  the 
audio  goes  to  a  small  high-frequency  speaker  (called  a  tweeter )  and  the  low-frequency 
portion  goes  to  a  relatively  large  low-frequency  speaker  (called  a  woofer).  A  crossover 
network  may  be  placed  in  an  audio  system  as  shown  in  Figure  17.28. 


Woofer 


Low-frequency 

audio 


High-frequency 

audio 


Tweeter 


FIGURE  17.28  Crossover  network  in  an  audio  system. 


Let’s  assume  that  the  block  diagram  represents  the  output  circuitry  of  a  stereo.  An 
audio  signal  is  applied  to  the  pre-amp  circuitry,  which  boosts  its  power  level.  The  output 
from  the  pre-amp  is  then  applied  to  the  crossover  network,  which  splits  the  signal  into 
separate  low-frequency  and  high-frequency  signals.  Each  of  these  signals  is  then  applied 
to  a  power  amplifier  that  drives  the  speakers. 

The  crossover  network  in  Figure  17.28  could  be  a  circuit  similar  to  the  one  shown  in 
Figure  17.29.  This  crossover  network  consists  of  an  input  buffer  followed  by  a  two-pole 
low-pass  filter  and  a  two-pole  high-pass  filter. 

The  input  buffer  is  a  voltage  follower  that  consists  of  IC1  and  Rm.  Rm  is  used  to  match 
the  input  impedance  of  the  crossover  network  to  the  output  impedance  of  the  pre-amp. 

The  output  signal  from  the  buffer  is  applied  to  both  of  the  active  filters.  IC2  and  its 
associated  circuitry  pass  the  low-frequency  audio  to  the  woofer  power  amplifier  while 
blocking  the  high-frequency  audio.  IC3  and  its  associated  circuitry  pass  the  high- 
frequency  audio  to  the  tweeter  power  amplifier  while  blocking  the  low-frequency  audio. 


Graphic  equalizer 

A  circuit  or  system  designed  to 
allow  you  to  control  the 
amplitude  of  different  audio¬ 
frequency  ranges. 


17.5.2  A  Simple  Graphic  Equalizer 

A  graphic  equalizer  is  a  system  that  is  designed  to  allow  you  to  control  the  amplitude  of 
different  audio-frequency  ranges.  A  simplified  graphic  equalizer  block  diagram  is  shown 
in  Figure  17.30.  This  graphic  equalizer  is  made  up  of  a  series  of  low-<2  active  filters  and  a 
summing  amplifier.  The  number  of  active  filters  used  increases  with  the  sophistication  of 
the  system. 
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FIGURE  17.29  A  crossover  network. 

The  summing  amplifier  is  made  up  of  the  op-amp  and  the  resistors  labeled  R.  The  audio 
input  is  applied  to  a  series  of  potentiometers,  each  connected  to  the  input  of  a  band-pass 
filter.  When  a  potentiometer  is  adjusted  in  the  boost  direction,  the  signal  strength  at  the  fil¬ 
ter  input  increases,  causing  the  signal  level  at  the  filter  output  to  increase.  When  a  poten¬ 
tiometer  is  adjusted  in  the  cut  direction,  the  signal  strength  at  the  filter  input  decreases, 
causing  the  signal  level  at  the  filter  output  to  decrease.  By  adjusting  the  input  controls  to 
the  various  filters,  you  can  boost  the  frequencies  you  want  to  hear  while  cutting  others. 

17.5.3  Another  Active  Filter  Application 

High-pass  filters  can  be  used  to  eliminate  the  low-frequency  noise  that  can  be  gener¬ 
ated  in  many  audio  systems.  For  example,  a  high-pass  filter  can  be  used  to  eliminate 
any  60  Hz  power  line  noise.  By  tuning  the  high-pass  filter  so  that  it  has  a  lower  cutoff 
frequency  above  60  Hz,  the  power  line  noise  is  eliminated. 
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There  are  far  more  applications  for  active  filters  than  can  possibly  be  covered  here. 
However,  you  should  now  have  a  good  idea  of  how  versatile  these  circuits  are. 

17.5.4  Active  Filter  Fault  Symptoms 

OBJECTIVE  7  ►  Active  filter  troubleshooting  is  relatively  simple  when  you  keep  in  mind  that  some  of  the  cir¬ 
cuit  components  are  used  to  determine  the  circuit’s  frequency-response  characteristics  while 
others  are  used  to  determine  its  gain  characteristics.  For  example,  consider  the  two-pole  low- 
pass  filter  in  Figure  17.31a.  The  frequency  response  of  the  circuit  is  controlled  by  the  combi¬ 
nation  of  Ru  R2,  Cj,  and  C2.  The  gain  of  the  circuit  is  controlled  primarily  by  Rf]  and  Rf2. 


(a)  Two-pole  low-pass  filter  (b)  Multiple-feedback  band-pass  filter 

FIGURE  17.31 

If  either  of  the  gain  components  opens,  the  amplitude  of  the  filter  output  changes.  For 
example,  if  Rf2  opens,  the  circuit  configuration  changes  to  that  of  a  voltage  follower,  and 
the  Acl  of  the  circuit  drops  to  1  (0  dB).  If  R/\  opens,  the  value  of  ACL  jumps  to  the  open- 
loop  voltage  gain  of  the  op-amp  and  the  output  signal  is  clipped. 

While  Ri  and  R2  are  part  of  the  frequency-response  circuit,  the  output  of  the  filter 
drops  to  zero  if  either  of  these  components  opens.  This  is  because  the  input  signal  is  iso¬ 
lated  from  the  op-amp  itself.  The  same  thing  occurs  if  Cj  is  shorted. 

If  either  Cj  or  C2  opens,  there  are  two  results: 

1.  The  roll-off  rate  of  the  circuit  decreases. 

2.  The  cutoff  frequency  of  the  circuit  shifts. 

The  first  point  is  easy  to  see  when  you  consider  the  case  of  C2  opening.  If  this  capacitor 
opens,  we  go  from  a  two-pole  filter  to  a  single-pole  filter.  As  you  recall,  the  filter  has  a 
roll-off  rate  of  20  dB/decade  per  pole.  Thus,  the  roll-off  rate  for  the  filter  drops  from  40  to 
20  dB/decade  (or  from  12  to  6  dB/octave). 

If  either  capacitor  in  the  filter  opens,  the  cutoff  frequency  for  the  circuit  increases. 
You  see,  C,  and  C2  are  both  shunt  capacitors  (when  viewed  from  the  op-amp).  If  either 
opens,  the  total  shunt  capacitance  decreases,  causing  an  increase  in  the  cutoff  frequency 
of  the  circuit. 

Table  17.2  summarizes  the  faults  that  can  occur  in  the  low-pass  two-pole  filter  and  the 
symptoms  of  each.  The  fault  symptoms  that  can  develop  in  the  two-pole  high-pass  filter 
are  very  similar  to  those  listed  for  the  low-pass  filter,  as  can  be  seen  by  comparing  Table 
17.3  with  Table  17.2. 

The  two-stage  band-pass  filter  (see  Figure  17.20)  can  develop  a  fault  in  either  of  the 
two  stages.  A  loss  of  gain  in  either  stage  will  direct  you  to  the  appropriate  components.  If 
fci  is  low  and  the  low-frequency  roll-off  rate  is  low,  the  fault  is  located  in  the  high-pass 
filter  stage.  If/C2  is  high  and  the  high-frequency  roll-off  rate  is  low,  the  fault  is  located  in 
the  low-pass  filter  stage. 
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A  Practical  Consideration: 
Don’t  forget  that  the  circuit 
'0&jK$L if  either  of  the  -  a 

powei  suoph  connecnor • 


TABLE  17.2  Low-Pass  Filter  Fault  Symptoms  and  Their  Causes 


Symptom 

Possible  Cause(s) 

Acl  drops  to  1 

Acl  =  Aol 

Acl  =  0  (no  output) 

Higher  fc  and  lower  roll-off  rate 

Rfl  open,  Rj  ■  shorted3 

Rfi  open 

R,  open,  R2  open,  C2  shorted 
C,  or  C2  open 

“Highly  unlikely. 

TABLE  17.3  High-Pass  Filter  Fault  Symptoms  and  Their  Causes 

Symptom 

Possible  Cause(s) 

Acl  drops  to  1 

Acl  =  Aol 

Acl  =  0  (no  output) 

Lower  fc  and  roll-off  rate 

Rf2  open,  Rfl  shorted3 

Rfi  open 

Ri  shorted,3  C,  open,  C2  open 
Ci  or  C2  shorted,  R,  open 

“Highly  unlikely. 


|  Don’t  Forget: 

A.  leaky  capacitor 

;  a  shorn  d 


The  multiple-feedback  band-pass  filter  is  relatively  easy  to  troubleshoot  if  you  keep  in 
mind  the  following  relationships: 


For  the  circuit  shown  in  Figure  17.31b,  R2  is  the  series  input  resistor.  If  this  resistor  opens, 
the  output  from  the  filter  drops  to  zero.  If  R,  opens,  the  voltage  gain  of  the  circuit  effec¬ 
tively  increases.  Here’s  why:  The  multiple-feedback  filter  is  designed  so  that  Rt  =  R2. 
Since  these  resistors  are  equal  in  value  and  form  a  voltage  divider,  die  voltage  applied  to 
the  op-amp  is  approximately  half  the  value  of  vin  when  the  circuit  is  operating  properly.  If 
/?!  opens,  the  voltage  divider  is  lost,  and  the  input  to  the  op-amp  equals  vin.  This  causes  the 
amplitude  of  the  filter  output  to  double.  Since  the  value  of  vin  doesn’t  actually  change,  the 
effective  voltage  gain  of  the  circuit  increases.  Note  that  the  geometric  center  frequency  of 
the  circuit  will  also  decrease.  This  can  be  seen  in  the/0  equation  shown  above. 

If  Rf  opens,  the  circuit  output  drops  to  zero.  As  the  equations  above  indicate,  an  open 
feedback  resistor  causes  f0  to  decrease  and  circuit  Q  to  increase.  As  a  result,  the  circuit’s 
bandwidth  approaches  0  Hz,  and  the  output  drops  to  zero. 

If  Ci  shorts,  the  circuit  acts  as  a  single-pole  low-pass  filter.  This  is  because  C,  deter¬ 
mines  the  lower  cutoff  frequency  for  the  circuit.  If  C2  shorts,  the  output  of  the  op-amp  is 
shorted  back  to  the  input,  and  the  circuit  has  no  output.  If  C,  opens,  the  input  signal  is 
isolated  from  the  filter,  and  the  output  drops  to  zero.  If  C2  opens,  the  circuit  acts  as  a 
single-pole  low-pass  filter  since  C2  controls  the  value  of  fa.  The  fault  symptoms  for  the 
multiple-feedback  filter  are  listed  in  Table  17.4. 

TABLE  17.4  Band-Pass  Filter  Fault  Symptoms  and  Their  Causes 


Symptom  Possible  Cause(s) 


AcL  effectively  doubles 

Ri  open 

Acl  =  0  (no  output) 

i?yopen,  R2  open,  R,  shorted,3  C,  open,  C2  shorted,  Rf  shorted3 

Circuit  acts  as  a  low-pass  filter 

C,  shorted 

Circuit  acts  as  a  high-pass  filter 

C2  open 

“Highly  unlikely. 
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17.5.5  Active  Filter  Troubleshooting 

Once  you  know  the  common  fault  symptoms  for  active  filters,  the  troubleshooting  proce¬ 
dure  for  these  circuits  is  easy: 

1.  Determine  the  type  of  filter  you  are  dealing  with. 

2.  Verify  that  the  filter  has  an  input  signal. 

3.  Verify  that  the  load  is  not  the  cause  of  the  problem  by  isolating  the  filter  output 
from  the  load. 

4.  Verify  that  both  supply  inputs  to  the  filter  are  working  properly. 

5.  Using  your  observations  and  Tables  17.2  through  17.4,  determine  the  source  of  the 
fault  within  the  filter. 

6.  If  none  of  the  passive  components  or  IC  sockets  are  faulty,  replace  the  op-amp. 


Section  Review  ► 


1.  What  is  a  crossover  network ? 

2.  Describe  the  operation  of  the  crossover  network  in  Figure  17.29. 

3.  What  is  a  graphic  equalizer ? 

4.  Describe  the  operation  of  the  graphic  equalizer  in  Figure  17.30. 

5.  Describe  how  high-pass  filters  can  be  used  to  eliminate  low-frequency  noise  in  audio 
systems. 

6.  List  the  fault  symptoms  that  can  occur  in  active  filters  (those  described  in  the  text) 
and  the  possible  cause(s)  of  each. 

7.  List  the  steps  involved  in  troubleshooting  an  active  filter. 


17.6  Discrete  Tuned  Amplifiers 


While  many  tuned  circuit  applications  can  be  filled  by  active  filters,  some  applications 
exceed  the  power-handling  and/or  high-frequency  limits  of  active  filters.  In  these  applica¬ 
tions,  discrete  tuned  amplifiers  are  still  used. 

Discrete  component  circuits  are  tuned  using  parallel  LC  (inductive-capacitive)  circuits 
in  place  of  a  collector  (or  drain)  resistor.  A  typical  BJT  tuned  amplifier  is  shown  in  Figure 
17.32.  The  collector  of  the  transistor  is  coupled  to  Vqc  via  the  parallel  LC  circuit  (C7  and 
Lt).  The  parallel  LC  circuit  determines  the  frequency-response  characteristics  of  the 


Lab  Reference:  The  operation  of  a 
tuned  BJT  amplifier  is 
demonstrated  in  Exercise  28. _ 


+V, 


cc 
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amplifier.  This  being  the  case,  we  will  start  our  discussion  of  the  circuit  by  briefly  review¬ 
ing  the  operating  characteristics  of  parallel  LC  circuits. 


17.6.1  Parallel  LC  Circuits 


If  we  were  to  graph  the  reactance  versus  frequency  characteristics  of  a  capacitor  and  an 
inductor  on  the  same  chart,  the  plot  would  look  like  the  one  in  Figure  17.33.  The  origin 
of  the  graph  represents  0  fl  on  the  y-axis  and  0  Hz  on  the  x-axis.  Note  that  at  0  Hz,  the 
reactance  of  the  inductor  is  0  fl,  while  the  value  of  Xc  approaches  °°  fl.  As  frequency 
increases,  the  value  of  XL  increases,  while  the  value  of  Xc  decreases.  At  some  fre¬ 
quency,  the  values  of  Xc  and  X,  are  equal  for  a  given  capacitor-inductor  pair.  This  fre¬ 
quency,  called  the  resonant  frequency,  is  found  as 


fr  = 


2-rrVZc 


(17.18) 


You  may  recall  from  your  study  of  basic  electronics  that: 

1.  The  current  in  a  capacitive  branch  leads  the  voltage  across  that  branch  by  90°. 

2.  The  current  in  an  inductive  branch  lags  the  voltage  across  that  branch  by  90°. 

In  a  parallel  LC  circuit,  the  voltage  across  the  capacitor  is  in  phase  with  (and  equal  to)  the 
voltage  across  the  inductor.  Combining  this  fact  with  the  statements  above,  it  is  easy  to 
see  that  Ic  and  IL  are  180°  out  of  phase  in  a  parallel  LC  tank.  Thus, 

£*  F  i/c  ~  h  I  (17.19) 


where  /net  is  the  net  current  entering  (and  leaving)  the  tank  circuit. 


FIGURE  17.33 


Plot  of  reactance  versus  frequency  characteristics. 


At  resonance,  the  values  of  Xc  and  X,  are  equal.  Since  the  voltages  across  the  parallel 
components  are  equal,  Ic  and  IL  are  ideally  equal.  Thus,  at  resonance, 


4*=  tic  -  4 1  =0A 

Since  the  net  current  through  the  LC  tank  circuit  is  0  A  at  resonance,  the  overall 
impedance  of  the  tank  circuit  is  (ideally)  infinite.  At  frequencies  below  resonance,  XL  < 
Xc.  Thus,  IL>  Ic,  and  the  circuit  is  inductive.  At  frequencies  above  resonance,  Xc  <  XL. 


Below  resonance,  a  tank  circuit 
is  inductive.  Above  resonance. 
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Thus,  Ic  >  IL,  and  the  circuit  is  capacitive.  These  points  are  illustrated  in  Figure  17.34. 
Now,  let’s  apply  these  principles  to  the  tuned  amplifier  in  Figure  17.32. 


Zt 


FIGURE  17.34  Frequency  response  of  a  parallel  LC  tank  circuit. 

17.6.2  AC  Circuit  Conditions 

OBJECTIVE  8  ►  The  ac  equivalent  of  Figure  17.32  is  derived  in  the  usual  fashion.  The  only  difference  is 
that  the  tank  circuit  components  are  not  shorted.  This  ac  equivalent  circuit  is  shown  in 
Figure  17.35.  The  load  resistance  is  included  to  aid  our  discussion. 


FIGURE  17.35  An  equivalent  circuit  for  a  discrete  tuned  amplifier. 


To  understand  the  circuitry  completely,  we  need  to  look  at  three  frequency  conditions: 


Mn=/r- 

2  >/„</, 

3./in>/, 

When  /in  =  fn  the  tank  circuit  acts  as  an  open,  as  was  discussed  earlier  in  this  section. 
Since  RL  represents  the  only  path  to  ground  in  the  collector  circuit,  it  provides  the  only 
path  for  the  ac  output  current.  Thus,  at /„  =  fn  the  ac  load  current  and  amplifier  efficiency 
reach  their  maximum  possible  values. 

As  /in  begins  to  drop  below  the  value  of  fn  the  inductor  current  (I,J  increases  and  the 
capacitor  current  (/c)  decreases.  As  a  result,  the  combination  of  the  two  (7ne t)  increases. 
As  the  input  frequency  continues  to  decrease,  /net  also  continues  to  increase.  At  some 
point,  the  transistor  loading  caused  by  the  increase  in  Inet  causes  the  load  voltage  to  drop 
by  3  dB.  The  frequency  at  which  this  occurs  is  the  value  of fC\  for  the  circuit. 

As  /„  begins  to  climb  above  the  value  of  fn  Ic  increases  and  IL  decreases.  Again,  this 
results  in  an  increase  in  /net.  As  the  input  frequency  continues  to  increase,  another  point  is 
reached  where  the  transistor  loading  caused  by  the  increase  in  /net  causes  the  load  voltage 
to  drop  by  3  dB.  The  frequency  at  which  this  occurs  is  the  value  of /C2  for  the  circuit. 
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As  you  may  have  figured  out  by  now,  the  resonant  frequency  of  the  tank  circuit  is  the 
geometric  center  frequency  of  the  tuned  amplifier.  By  formula, 


or 


fo=L 


(17.20) 


/o  = 


2ir 


Vlc 


(17.21) 


EXAMPLE  17.12 _ 

Determine  the  value  of /0  for  the  tuned  amplifier  shown  in  Figure  17.36. 

+vcc 


Solution:  The  center  frequency  equals  the  resonant  frequency  of  the  LC  tank  cir¬ 
cuit.  Using  equation  (17.21)  and  the  circuit  values  shown,  f0  is  found  as 


Practice  Problem  17.12 

A  tuned  BJT  amplifier  has  values  of  L  =  33  mH  and  C  =  0.1  p.F.  Calculate  the 
value  of/o  for  the  circuit. 


Once  you  have  determined  the  value  of  /0  for  a  tuned  amplifier,  the  next  step  is  to 
determine  the  value  of  Q  for  the  circuit. 

17.6.3  The  Figure  of  Merit,  Q 

Earlier  in  this  chapter,  we  stated  that  the  Q  of  a  tuned  amplifier  is  equal  to  the  ratio  of 
center  frequency  to  bandwidth.  Although  this  statement  helps  to  explain  the  use  of  Q  in 
bandwidth  calculations,  it  does  not  really  tell  you  what  Q  is  or  where  it  comes  from. 

The  Q  of  a  discrete  tuned  amplifier  is  a  property  of  the  LC  circuit;  more  specifically,  it 
is  a  property  of  the  inductor.  Strictly  speaking,  the  Q  of  an  LC  circuit  is  the  ratio  of 
energy  stored  in  the  circuit  to  energy  lost  per  cycle  by  the  circuit.  By  formula, 

energy  stored 

Q  = - 

energy  lost 


◄  OBJECTIVE  9 


Q  (LC  circuit) 

The  ratio  of  energy  stored  in  the 
circuit  to  energy  lost  per  cycle 
by  the  circuit. 
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Another  way  of  writing  this  is 


reactive  power 
resistive  power 


Apparent  power 

The  combination  of  reactive 
(imaginary)  power  and  resistive 
(true)  power. 


If  you  take  the  voltage  across  an  inductor  and  multiply  it  by  the  current  through  the 
component,  you  obtain  an  apparent  power  value.  We  say  apparent  because  only  a  small 
portion  of  the  power  value  is  actually  dissipated  by  the  component.  Most  of  it  is  stored  in 
the  electromagnetic  field  that  surrounds  the  component. 

Apparent  power  is  made  up  of  reactive  (or  imaginary)  power  and  resistive  (or  “true”) 
power.  Reactive  power,  which  is  actually  energy  stored  by  the  component,  can  be  found  as 


Px  =  Vt){XL) 


While  most  of  the  apparent  power  is  stored  in  the  electromagnetic  field,  some  of  the 
power  is  actually  dissipated  across  the  small  amount  of  winding  resistance  in  the  coil. 
This  resistive  power,  or  energy  lost,  is  found  as 

P RW  =  ( ) 


Now,  the  Q  of  the  coil  is  found  as  the  ratio  of  reactive  power  to  resistive  power.  By 
formula, 


Px  _  (II)(Xl) 

P RW  (ll)(Rw) 


or,  simply, 

Q  =  ^T  (17.22) 

Rw 

where  Q  =  the  quality  of  the  coil,  measured  at  the  geometric  center  frequency 
XL  =  the  reactance  of  the  coil,  measured  at  the  geometric  center  frequency 
Rw  =  the  resistance  of  the  winding 

The  following  example  demonstrates  the  process  for  determining  the  Q  of  a  tank  circuit. 


EXAMPLE  17.13 _ _ 

Determine  the  Q  of  the  tank  circuit  shown  in  Figure  17.36. 

Solution:  In  Example  17.12,  we  determined  the  geometric  center  frequency  of  the 
amplifier  to  be  503.29  kHz.  Using  this  value,  XL  for  the  circuit  is  determined  as 

XL  =  2 TtfL  =  2ir(503.29  kHz)(l  mH)  =  3.16  kli 


Using  this  value  and  the  value  of  Rw  =  25  12  shown  in  the  figure,  the  Q  of  the  tank 
circuit  is  found  as 


Q  = 


XL  3.16  kO 


R 


w 


25  12 


126.4 


Practice  Problem  17.13 

The  inductor  in  Practice  Problem  17.12  has  a  value  of  Rw  —18  12.  Determine  the  Q 
of  the  tank  circuit. 


The  value  of  Q  obtained  in  Example  17.13  is  accurate  for  the  tank  circuit.  However, 
before  we  can  use  this  value  for  bandwidth  calculations,  we  have  to  take  into  account  the 
effects  of  circuit  loading,  that  is,  the  effect  that  RL  has  on  the  Q  of  the  tank. 
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17.6.4  Loaded-Q 


To  see  the  effects  of  loading  on  circuit  Q,  we  have  to  take  another  look  at  the  ac  equiva¬ 
lent  of  the  collector  circuit.  The  ac  equivalent  is  shown  in  Figure  17.37a.  In  this  figure, 
we  have  included  the  tank  circuit  capacitor,  CT.  However,  since  it  does  not  really  weigh 
into  this  discussion,  we  will  not  refer  to  it. 


(a) 

FIGURE  17.37  Effects  of  loading  on  circuit  Q. 


(b) 


If  you  look  closely  at  Figure  17.37a,  you’ll  notice  that  the  load  resistance  is  in  parallel 
with  the  inductor  and  its  winding  resistance  {Rw).  Therefore,  we  must  include  the  resis¬ 
tance  of  the  load  in  our  calculations  if  we  want  an  accurate  value  of  Q. 

The  first  step  in  determining  the  loaded-^  of  the  circuit  is  to  replace  Rw  with  an  equiv¬ 
alent  parallel  resistance,  RP.  This  resistance  is  shown  in  Figure  17.37b.  The  value  of  RP  is 
derived  by  determining  the  values  of  XL  and  Rw  and  then  solving  for  the  equivalent  paral¬ 
lel  resistance  value.  This  parallel  equivalent  resistance  is  found  as 

RP  =  Q2Rw  (17.23) 

The  derivation  of  equation  (17.23)  is  shown  in  Appendix  D.  The  total  ac  resistance  of  the 
collector  circuit  can  now  be  found  as 


rc  =  RP  ||  Rl  (17.24) 

and  the  loaded- <2  can  be  found  as 

Ql  =  ^  (17.25) 

Equation  (17.25)  is  also  derived  in  Appendix  D.  Example  17.14  demonstrates  the  proce¬ 
dure  for  determining  the  loaded- Q  of  a  tuned  amplifier. 


EXAMPLE  17.14 _ 

Determine  the  loaded-Q  for  the  circuit  shown  in  Figure  17.36. 

Solution:  The  Q  of  the  tank  circuit  was  found  to  be  126.4  in  Example  17.13. 
Using  this  value  of  Q  and  the  value  of  Rw  =  25  (i,  the  value  of  RP  is  found  as 

Rp  =  Q2Rw  =  (126.4)2(25  fl)  =  400  kli 


Since  RP7$>  Rl,  we  can  approximate  the  parallel  combination  of  the  two  resistors 
(rc)  to  be  equal  to  Rr,  20  kfl.  Using  this  value  in  equation  (17.24),  along  with  the 
value  of  XL  =  3.16  kfl  (obtained  in  Example  17.13),  we  can  find  QL  as  follows: 


rc  ^  20  kfl 
XL  ~  3.16  kfl  ~ 
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Practice  Problem  17.14 

The  circuit  described  in  Practice  Problems  17.12  and  17.13  has  a  10  kfl  load. 
Determine  the  value  of  QL  for  the  circuit. 


As  you  can  see,  the  loaded-<2  value  for  the  circuit  is  considerably  lower  than  the  origi¬ 
nal  value  of  Q  found  for  the  tank  circuit.  Once  we  have  determined  the  loaded-<2  value 
for  the  circuit,  the  bandwidth  of  the  amplifier  can  be  found  as  shown  in  Example  17.15. 


EXAMPLE  17.15 _ 

Determine  the  bandwidth  for  the  amplifier  in  Figure  17.36. 

Solution:  Using  the  values  of/0  =  503.29  kHz  and  QL  =  6.33,  the  bandwidth  of 
the  amplifier  is  found  as 


iv'vsftjjSi 

BW  = 


fo  503.29  kHz 

—  = - — - =  79.5  kHz 


6.33 


Practice  Problem  17.15 

Determine  the  bandwidth  of  the  amplifier  in  Practice  Problem  17.14. 


Once  the  values  of  /0  and  bandwidth  are  known,  we  can  calculate  the  cutoff  frequen¬ 
cies  of  the  amplifier  using  the  guidelines  established  in  our  discussion  on  active  filters. 
For  circuits  with  QL  >  2,  the  cutoff  frequencies  can  be  approximated  as 


BW 


fci  —  fo  2 


and 


/«=/o  + 


BW 

2 


When  Ql  <  2,  we  need  to  use  the  more  exact  equations: 


and 


fci  ~  fo 


'-RSI- 


BW 


The  only  difference  between  these  equations  and  those  presented  earlier  in  the  text  is  the 
use  of  the  loaded-Q  ( QL ). 


Section  Review  ► 


1.  What  is  the  circuit  recognition  feature  of  the  discrete  tuned  amplifier? 

2.  Why  is  the  net  current  in  a  parallel  resonant  tank  circuit  approximately  equal  to  zero? 

3.  Describe  the  tuned  discrete  amplifier  response  to  frequencies  that  are  less  than,  equal 
to,  and  greater  than  the  value  of/r. 

4.  What  is  the  Q  of  a  tank  circuit? 

5.  How  does  the  presence  of  a  load  affect  the  Q  of  the  tank  circuit? 
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17.7  Discrete  Tuned  Amplifiers:  Practical  Considerations 
and  Troubleshooting 


It  is  common  for  a  technician  to  build  a  tuned  amplifier  and  find  that  the  center  frequency  <4  OBJECTIVE  10 
is  not  what  was  expected.  There  are  several  reasons  for  this: 


1.  Capacitors  and  inductors  usually  have  large  tolerances,  so  there  can  be  a  significant 
difference  between  the  rated  value  of  an  inductor  (or  capacitor)  and  its  actual  value. 
This  can  throw  your  calculations  off  by  a  significant  margin. 

2.  Amplifiers  tend  to  have  many  “natural”  capacitances  that  are  not  accounted  for  in 
the  frequency  relationships.  Values  of  stray  capacitance  and  junction  capacitance, 
for  example,  are  always  present  in  a  discrete  amplifier.  If  the  capacitor  used  in  the 
tank  circuit  is  in  the  picofarad  range,  the  other  circuit  capacitances  can  have  a  dras¬ 
tic  effect  on  the  actual  geometric  center  frequency  of  the  circuit. 


Why  are  variable  components 


To  overcome  these  problems,  discrete  tuned  amplifiers  can  be  constructed  using  either 
a  variable  capacitor  or  a  variable  inductor  in  the  tank  circuit.  By  adjusting  the  variable 
component,  the  value  of  f0  can  be  adjusted  (up  or  down)  to  its  design  value.  Note  that 
variable  inductors  are  used  more  commonly  than  variable  capacitors  because  they  are  less 
expensive. 

Another  method  of  adjusting  the  tuning  of  a  circuit  is  shown  in  Figure  17.38.  This 
type  of  tuning  is  referred  to  as  electronic  tuning  because  the  tuning  of  the  amplifier  is 
voltage  controlled.  The  reverse  bias  on  each  of  the  varactor  diodes  (. D\  and  D2)  is 
adjusted  to  set  the  capacitance  of  the  component  to  the  desired  value.  You  may  recall 
from  Chapter  5  that  the  varactor  is  used  as  an  electronically  variable  capacitance  when 
reverse  biased.  The  circuit  in  Figure  17.38  shows  exactly  this  type  of  application  for  the 
component. 


Electronic  tuning 

Using  voltage-controlled  or 
programmable  devices  to 
control  the  tuning  of  a  circuit. 


FIGURE  17.38  Electronic  (varactor)  tuning. 
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When  the  biasing  of  Dt  is  adjusted,  its  junction  capacitance  changes.  This  causes  the 
total  capacitance  in  the  tuned  circuit  to  change.  Changing  the  total  capacitance  in  the 
tuned  circuit  causes  the  resonant  frequency  of  the  circuit  to  change.  Thus,  the  tuning  of 
the  amplifier  is  changed  by  varying  the  reverse  bias  applied  to  the  varactor. 

Don’t  get  caught  up  in  trying  to  figure  out  all  of  Figure  17.38.  This  circuit,  or  one  like 
it,  will  be  covered  in  detail  when  you  study  communications  electronics.  It  is  introduced 
here  solely  to  show  you  the  concept  of  electronic  tuning. 


Drift 

A  change  in  tuning  caused  by 
component  aging. 


17.7.1  Circuit  Troubleshooting 

The  most  common  problem  that  develops  in  a  tuned  amplifier  is  frequency  drift.  Com¬ 
ponent  aging  can  cause  the  tuning  of  an  amplifier  to  change.  A  simple  solution  to  the 
problem  is  to  retune  the  amplifier.  If  this  does  not  solve  the  problem,  one  (or  both)  of  the 
components  in  the  tank  circuit  may  need  to  be  replaced.  Frequency  drift  can  also  result 
from  value  changes  in  the  input  and  output  coupling  components.  As  such,  these  compo¬ 
nents  must  be  checked  as  well. 

If  either  the  capacitor  or  the  inductor  fails  (opens  or  shorts),  the  effects  are  much  more 
drastic  than  those  of  a  drift  problem.  Possible  “fatal”  faults  that  can  occur  in  the  tank  cir¬ 
cuit  and  their  respective  symptoms  are  listed  in  Table  17.5. 


TABLE  17.5  Tuned  Amplifier  Troubleshooting 
Fault  Symptoms 


Lt open 
Lt  shorted 


CY  open 


CT  shorted 


Vcc  is  effectively  removed  from  the  transistor  collector  circuit  (capacitors  block 
dc  voltages).  Therefore,  Ic  and  Vc  both  drop  to  zero. 

The  ac  output  from  the  amplifier  is  developed  across  the  tank  circuit.  Shorting  LT 
effectively  removes  the  tank  circuit  from  the  picture.  The  biasing  is  now  like 
that  of  an  emitter  follower,  and  Vc  equals  Vcc. 

Capacitors  are  “open”  circuits  by  nature.  However,  the  capacitor  connections  can 
open,  effectively  removing  the  capacitor  from  the  circuit.  When  this  happens, 
the  amplifier  gain  decreases  and  varies  directly  with  frequency. 

The  symptoms  for  this  condition  are  the  same  as  those  that  occur  when  LT  shorts. 


Since  either  component  shorting  will  cause  the  same  symptoms,  further  testing  is 
required  when  Vc  stays  at  Vcc-  The  simplest  thing  to  do  is  to  measure  the  resistance  of 
the  capacitor.  If  the  capacitor  shows  signs  of  charging,  the  inductor  is  the  problem.  If  the 
capacitor  resistance  reading  stays  at  a  low  value  or  the  component  fails  to  hold  a  charge, 
the  capacitor  is  the  cause  of  the  problem. 

As  with  any  circuit  troubleshooting,  you  should  start  by  making  sure  that  your  tuned 
amplifier  is  the  cause  of  the  problem.  Once  you  have  narrowed  the  problem  down  to  a 
given  tuned  amplifier.  Table  17.5  should  help  you  to  establish  whether  or  not  the  fault  is 
in  the  tank  circuit.  If  it  is  not,  troubleshoot  the  rest  of  the  circuit  components  using  the 
procedures  taught  earlier  in  the  book. 

17.7.2  Summary 

Discrete  tuned  amplifiers  use  LC  circuits  to  provide  amplifier  tuning.  The  characteristics 
of  the  BJT  tuned  amplifier  are  summarized  in  Figure  17.39. 


Section  Review  ► 


1.  Why  is  amplifier  tuning  needed? 

2.  What  is  electronic  tuning ? 

3.  Describe  the  methods  normally  used  to  adjust  the  tuning  of  an  amplifier. 

4.  What  is  drift ?  How  is  drift  corrected? 

5.  What  are  the  symptoms  of  a  major  fault  in  the  tank  circuit  of  a  tuned  amplifier? 
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FIGURE  17.39 


17.8  Class  C  Amplifiers 


Earlier  in  the  book,  you  were  exposed  to  class  A,  class  B,  and  class  AB  amplifiers.  In  this 
section,  we  take  a  look  at  class  C  amplifiers.  Class  C  amplifiers  were  described  briefly  in 
Chapter  1 1  as  tuned  amplifiers. 

Class  C  amplifiers  are  circuits  containing  transistors  that  conduct  for  less  than  180°  of 
the  input  cycle.  A  basic  class  C  amplifier  is  shown  in  Figure  17.40. 


Class  C  amplifier 
An  amplifier  containing  one 
transistor  that  conducts  during 
less  than  180°  of  the  input  cycle. 


17.8.1  DC  Operation 

The  transistor  in  a  class  C  amplifier  is  biased  deeply  into  cutoff.  This  is  often  done  by 
connecting  the  base  resistor  to  a  negative  supply  voltage  (for  npn  circuits)  as  shown  in 
Figure  17.40. 

Since  a  class  C  amplifier  is  biased  in  cutoff,  the  value  of  VCEQ  is  approximately  equal  to 
Vcc-  This  results  in  a  dc  load  line  like  the  one  shown  in  Figure  17.41.  Note  that  this  dc  load 
line  can  be  somewhat  misleading.  You  see,  with  the  amplifier  biased  in  cutoff,  Ic  =  0  A. 
The  dc  load  line  for  the  circuit  would  lead  you  to  believe  that  the  value  of  Ic  can  be  var¬ 
ied,  as  long  as  VCEQ  =  Vcc.  This  is  not  the  case.  As  long  as  there  is  no  input  signal  to  the 
transistor,  VCEQ  =  Vcc  and  ICq  =  0  A.  (Perhaps  it  would  be  more  appropriate  to  have  a  dc 
load  point  for  this  circuit  rather  than  a  dc  load  line.  However,  the  dc  operation  of  the 
circuit  is  traditionally  represented  by  a  load  line.) 
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Why  is  the  dc  load  line  for  the 
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+vcc 


FIGURE  17.40  Class  C  amplifier. 


Lab  Reference:  The  dc 

characteristics  of  a  class  C  amplifier 
are  observed  in  Exercise  29. 


Ic  (mA) 


FIGURE  17.41 


vcc 

Class  C  amplifier  dc  load  line. 


vCe  (v) 


When  a  negative  supply  voltage  is  used  for  VBB,  it  is  normally  set  at  a  value  that  fulfills 
the  following  relation: 


or 


(17.26) 


Thus,  if  the  amplifier  in  Figure  17.40  had  an  input  peak  value  of  +4  V,  the  base  biasing 
voltage  would  be  set  to  approximately  -3  V.  This  would  ensure  that  the  transistor  would 
turn  on  only  at  the  positive  peaks  of  the  input  cycle.  The  purpose  served  by  this  type  of 
biasing  will  be  discussed  later  in  this  section. 


17.8.2  AC  Operation 

The  ac  operation  of  a  class  C  amplifier  is  based  on  the  characteristics  of  the  parallel  LC 
circuit.  These  characteristics  are  illustrated  in  Figure  17.42,  which  shows  a  parallel  LC 
circuit  in  series  with  a  switch  (SW^).  When  SW,  is  closed  for  an  instant,  a  current  is 
generated  in  the  tank  circuit.  This  current  initiates  a  charge/discharge  cycle  that  goes  back 
and  forth  between  the  capacitor  and  the  inductor.  This  charge/discharge  action  produces 
the  waveform  shown  in  Figure  17.42b.  Note  that  the  tank  circuit  loses  some  amount  of 
power  during  each  cycle,  so  the  waveform  eventually  dies  out. 
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FIGURE  17.42  LC  tank  operation. 


Close  Close  Close  Close 
switch  switch  switch  switch 


(c)  Current  waveform  produced  by  the  LC 
circuit  when  the  switch  is  closed  at  each 
current  peak 


The  charge/discharge  cycle  described  here  is  known  as  the  flywheel  effect.  Note  that  Flywheel  effect 

the  waveform  produced  by  the  flywheel  effect  has  a  frequency  equal  to  the  resonant  fre-  A  term  used  to  describe  the 

quency  of  the  tank  circuit.  ability  of  a  parallel  LC  circuit  to 

If  we  want  to  keep  the  flywheel  waveform  from  dying  out,  we  can  do  so  by  closing  self-oscillate  for  a  brief  period 

for  an  instant  at  each  positive  peak,  as  illustrated  in  Figure  17.42c.  Each  time  the  switch  is  of  time. _ _ 

closed,  power  is  returned  to  the  circuit  from  the  dc  power  supply.  By  closing  the  switch  at 
the  intervals  shown,  additional  power  is  supplied  to  the  tank  circuit,  and  the  amplitude  of 

the  waveform  is  maintained.  With  this  in  mind,  let’s  take  another  look  at  the  original  class 

C  amplifier  circuit.  The  operation  of  this  circuit  is  illustrated  in  Figure  17.43. 


FIGURE  17.43  Class  C  circuit  action. 


Now,  consider  the  transistor  in  this  circuit  to  be  the  switch  we  talked  about  earlier.  The 
positive  peaks  of  the  input  signal  cause  the  transistor  to  conduct,  while  the  component  is 
in  cutoff  the  rest  of  the  time.  Each  time  the  transistor  conducts,  it  is  like  closing  the 
switch  in  Figure  17.42.  In  other  words,  on  each  positive  peak  of  the  input,  the  transistor 
switch  is  closed,  and  the  tank  circuit  gets  the  current  pulse  it  requires  to  continue  produc¬ 
ing  the  output  waveform. 

There  is  an  important  relationship  we  have  yet  to  establish:  For  the  class  C  amplifier 
to  work  properly,  the  tank  circuit  must  be  tuned  to  either  the  same  frequency  as  vin  or  to 
some  harmonic  of  that  frequency.  A  harmonic  is  a  whole  number  multiple  of  a  given 
frequency.  For  example,  a  2  kHz  signal  would  have  harmonics  of  4  kHz,  6  kHz,  8  kHz, 
and  so  on. 
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When  a  class  C  amplifier  is  tuned  to  a  harmonic  of  v,„,  the  output  frequency  of  the  cir¬ 
cuit  is  equal  to  that  harmonic.  For  example,  a  class  C  amplifier  that  has  an  input  fre¬ 
quency  of  3  kHz  and  a  tank  circuit  tuned  to  6  kHz  produces  a  6  kHz  output.  Thus,  the 
class  C  amplifier  can  be  used  as  a  type  of  frequency  multiplier. 

Since  the  bandwidth,  Q,  and  QL  characteristics  of  the  class  C  amplifier  are  the  same 
as  those  described  earlier  for  discrete  tuned  amplifiers,  we  will  not  elaborate  on  them 
further. 


Section  Review  ► 


1.  What  is  the  transistor  conduction  characteristic  of  the  class  C  amplifier? 

2.  Why  is  the  dc  load  line  of  the  class  C  amplifier  misleading? 

3.  Describe  flywheel  effect. 

4.  How  is  the  transistor  used  to  maintain  the  flywheel  effect  in  a  class  C  amplifier? 

5.  What  is  the  input  frequency  requirement  for  proper  class  C  operation? 


CHAPTER  SUMMARY 

Here  is  a  summary  of  the  major  points  made  in  this  chapter: 

1.  The  tuned  amplifier  is  the  heart  of  any  communications  system. 

2.  A  tuned  amplifier  is  designed  for  a  specific  bandwidth. 

a.  For  tuned  amplifiers,  bandwidth  is  a  desired  characteristic  that  is  achieved 
through  circuit  design. 

b.  The  bandwidth  of  a  tuned  amplifier  is  usually  narrower  than  that  of  a  standard 
amplifier  having  the  same  geometric  center  frequency  (/0). 

3.  The  ideal  tuned  amplifier  provides: 

a.  Zero  (-°°  dB)  gain  for  all  frequencies  outside  its  pass  band. 

b.  Midband  voltage  gain  for  all  frequencies  within  its  pass  band. 

Ideal  and  practical  pass-band  characteristics  are  compared  in  Figure  17.3. 

4.  The  lower  the  gain  roll-off  of  an  amplifier,  the  greater  its  bandwidth  (see  Figure 
17.5). 

5.  The  roll-off  rates  and  bandwidth  of  a  tuned  amplifier  are  related  to  its  quality  (Q). 

a.  The  quality  ( Q )  of  an  amplifier  is  a  figure  of  merit  that  equals  the  ratio  of  center 
frequency  (/0)  to  bandwidth  (BW). 

b.  The  Q  of  a  tuned  circuit  is  determined  by  circuit  component  values. 

6.  The  geometric  center  frequency  (/0)  of  a  tuned  circuit  approaches  the  value  of  the 
algebraic  average  frequency  (/ave)  when  £>  —  2  (see  Example  17.3). 

7.  Op-amp  circuits  are  normally  tuned  using  RC  (resistive-capacitive)  circuits. 

8.  An  active  filter  is  a  tuned  op-amp  circuit. 

9.  There  are  four  general  types  of  active  filters: 

a.  A  low-pass  filter  passes  all  frequencies  from  0  Hz  (dc)  to  an  upper  cutoff  fre¬ 
quency  (fc). 

b.  A  high-pass  filter  passes  all  frequencies  above  a  lower  cutoff  frequency  (/c). 

c.  A  band-pass  filter  passes  all  frequencies  that  fall  between  its  values  of/cl  and 

fci- 

d.  A  band-stop  (or  notch )  filter  blocks  all  frequencies  that  fall  between  its  values  of 
fCi  and  fc2‘  (In  other  words,  it  passes  all  frequencies  below  fcl  and  above  fci.) 

See  Figure  17.6. 

10.  A  pole  is  a  single  RC  circuit. 

11.  The  order  of  an  active  filter  indicates  the  number  of  poles  it  contains.  A  first-order 
filter  contains  one  pole,  a  second-order  filter  contains  two  poles,  and  so  on. 

12.  The  more  poles  in  an  active  filter,  the  higher  the  gain  roll-off  rate  when  the  circuit 
is  operated  outside  its  pass  band. 

13.  The  Butterworth  filter  has  relatively  constant  gain  across  its  pass  band. 

a.  The  term  flat  response  is  used  to  describe  a  constant-gain  characteristic. 

b.  Butterworth  filters  are  commonly  referred  to  as  maximally  flat  or  flat-flat  filters. 
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14.  The  Chebyshev  filter  has  higher  initial  roll-off  (per  pole)  than  a  Butterworth  filter. 
However: 

a.  The  gain  of  a  Chebyshev  filter  is  not  constant  across  its  pass  band. 

b.  The  Chebyshev  filter  has  a  greater-roll  off  rate  only  for  frequencies  just  outside 
the  pass  band.  As  frequency  continues  outside  the  pass  band,  the  roll-off  rates  of 
Chebyshev  and  Butterworth  filters  become  equal. 

See  Figure  17.8. 

15.  The  variation  in  gain  that  occurs  across  the  pass  band  of  a  Chebyshev  filter  is  called 
ripple  width  (see  Figure  17.8). 

a.  Ripple  width  is  measured  in  dB. 

b.  Ripple  width  can  be  reduced  (by  design).  However,  reduced  ripple  width  results 
in  a  reduction  of  the  high  initial  roll-off  rate. 

16.  The  primary  drawback  of  the  Butterworth  filter  is  that  the  phase  shift  produced  by 
the  circuit  is  not  constant  across  the  pass  band. 

a.  Two  (or  more)  frequencies  applied  to  a  Butterworth  filter  do  not  experience  the 
same  phase  shift. 

b.  This  phase  shift  variation  can  produce  severe  signal  distortion  from  input  to  output. 

17.  The  Bessel  filter  is  designed  to  provide  a  constant  phase  shift  across  its  pass  band. 

a.  The  Bessel  filter  provides  better  fidelity.  (Fidelity  is  the  ability  to  reproduce  a 
waveform  accurately.) 

b.  The  Bessel  filter  has  the  disadvantage  of  lower  initial  roll-off  rates  than  the 
Butterworth  filter. 

The  frequency-response  curves  for  the  Butterworth,  Chebyshev,  and  Bessel  filters 
are  compared  in  Figure  17.9. 

18.  A  single-pole  low-pass  filter  is  designed  as  either  a  variable-gain  circuit  or  a  volt¬ 
age  follower. 

19.  The  single-pole  low-pass  filter  is  simply  a  noninverting  amplifier  with  an  RC  circuit 
connected  between  the  signal  source  and  the  op-amp  (see  Figure  17.10). 

20.  A  unity-gain  one-pole  low-pass  filter  is  shown  in  Figure  17.13. 

21.  The  two-pole  low-pass  filter  is  designed  as  either  a  unity-gain  filter  or  a  variable- 
gain  filter  (see  Figure  17.14).  There  is  a  restriction  on  the  closed-loop  gain  of  the 
variable  gain  filter.  To  produce  a  Butterworth  response  curve,  the  closed-loop  volt¬ 
age  gain  is  limited  to  4  dB. 

22.  A  three-pole  low-pass  filter  can  be  made  by  cascading  a  two-pole  circuit  with  a 
one-pole  circuit  (see  Figure  17.16). 

23.  You  can  determine  the  operating  characteristics  of  a  multipole  filter  if  you  remem¬ 
ber  the  following: 

a.  A  filter  has  a  20  dB/decade  roll-off  for  each  pole. 

b.  All  stages  are  tuned  to  the  same  cutoff  frequency. 

24.  The  first-order,  second-order,  and  third-order  high-pass  filters  are  shown  (along 
with  their  cutoff  frequency  equations)  in  Figure  17.17. 

25.  A  band-pass  filter  can  be  made  by  cascading  a  low-pass  filter  with  a  high-pass  filter 
(see  Figure  17.20). 

26.  The  multiple-feedback  band-pass  filter  has  a  single  op-amp  and  two  feedback 
paths,  one  resistive  and  one  capacitive  (see  Figure  17.22). 

27.  A  multistage  notch  filter  contains  a  low-pass  filter,  a  high-pass  filter,  and  a  sum¬ 
ming  amplifier  (see  Figure  17.25). 

a.  The  cutoff  frequency  of  the  high-pass  filter  is  above  the  cutoff  frequency  of  the 
low-pass  filter. 

b.  The  actual  circuitry  is  shown  in  Figure  17.26. 

28.  A  multiple-feedback  notch  filter  has  one  op-amp  and  two  feedback  paths  (see  Fig¬ 
ure  17.27). 

29.  Some  typical  active  filter  applications  are  as  follows: 

a.  Low-pass  and  high-pass  filters  can  be  combined  to  form  an  audio  crossover 
network  (see  Figures  17.28  and  17.29). 

b.  Band-pass  filters  can  be  combined  to  form  a  simple  graphic  equalizer  (see  Fig¬ 
ure  17.30). 
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30.  When  troubleshooting  an  active  filter: 

a.  Determine  the  type  of  filter  you  are  dealing  with. 

b.  Verify  that  the  filter  has  an  input  signal. 

c.  Verify  that  the  load  is  not  the  cause  of  the  problem. 

d.  Verify  that  both  supply  inputs  to  the  filter  are  working  properly. 

e.  Using  your  observations  and  the  faults  listed  in  Tables  17.2  through  17.4,  deter¬ 
mine  the  source  of  the  fault. 

f.  If  none  of  the  passive  components  or  the  IC  socket  are  faulty,  replace  the  op-amp. 

31.  The  operation  of  a  discrete  tuned  amplifier  is  based  on  the  characteristics  of  a  paral¬ 
lel  LC  circuit. 

a.  The  geometric  center  frequency  (/0)  of  the  circuit  is  approximately  equal  to  the 
resonant  frequency  of  the  LC  circuit. 

b.  The  relationship  between  the  component  reactances  is  illustrated  in  Figure 
17.33. 

32.  The  bandwidth  of  the  tuned  BJT  amplifier  is  determined  by  the  quality  ( Q )  of  its 
LC  circuit. 

a.  The  Q  of  a  tank  circuit  equals  the  ratio  of  energy  stored  in  the  circuit  to  the 
energy  lost  per  cycle  by  the  circuit. 

b.  The  Q  of  a  tank  circuit  equals  the  ratio  of  inductive  reactance  to  inductor  wind¬ 
ing  resistance. 

33.  The  load  on  a  tuned  amplifier  reduces  the  overall  Q  of  the  tank  circuit. 

34.  Variable  components  are  often  used  in  the  LC  circuit  of  a  discrete  tuned  amplifier. 
Variable  components  are  needed  because: 

a.  Capacitors  and  inductors  can  have  large  tolerances,  allowing  for  significant  dif¬ 
ferences  between  the  calculated  and  actual  operating  frequencies. 

b.  Amplifiers  have  “natural”  capacitances  that  can  lower  their  operating  frequencies. 

c.  In  many  circuits,  electronic  (varactor)  tuning  is  used  (see  Figure  17.38). 

35.  A  class  C  amplifier  contains  a  transistor  that  conducts  for  less  than  180°  of  the 
input  cycle. 

36.  The  transistor  in  a  class  C  amplifier  is  biased  deeply  into  cutoff,  normally  using  a 
negative  base  supply  voltage  {VBB)  (see  Figure  17.40). 

37.  The  ac  operation  of  a  class  C  amplifier  is  based  on  the  flywheel  effect. 

a.  Flywheel  effect  is  a  term  used  to  describe  the  ability  of  a  parallel  LC  circuit  to 
self-oscillate  for  a  brief  period  of  time. 

b.  The  waveform  produced  by  the  flywheel  effect  loses  energy  over  each  cycle  and 
eventually  dies  out. 

c.  The  key  to  keeping  the  waveform  produced  by  the  flywheel  effect  constant  is  to 
provide  a  brief  current  spike  during  each  cycle  (see  Figure  17.42c). 
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KEY  TERMS 


active  filter  698 
apparent  power  730 
band-pass  filter  699 
band-stop  (notch) 
filter  699 
Bessel  filter  701 
biomedical 

electronics  722 
Butterworth  filter  700 
Chebyshev  filter  700 


class  C  amplifier  735 
crossover  network  722 
drift  734 

electronic  tuning  733 
fidelity  701 
flywheel  effect  737 
graphic  equalizer  722 
harmonic  738 
high-pass  filter  699 
low-pass  filter  699 


multiple-feedback  band¬ 
pass  filter  712 
pass  band  694 
pole  699 

Q  (LC  circuit)  729 
quality  ( Q )  696 
ripple  width  700 
stop  band  694 
tuned  amplifier  694 


PRACTICE  PROBLEMS 

Section  17.1 

1.  An  amplifier  has  values  of/0  =  14  kHz  and  BW  =  2  kHz.  Calculate  the  value  of  Q 
for  the  circuit. 

2.  An  amplifier  has  values  of/o  =  1200  kHz  and  BW  =  300  kHz.  Calculate  the  value 
of  Q  for  the  circuit. 

3.  An  amplifier  with  a  geometric  center  frequency  of  800  kHz  has  a  Q  of  6.2.  Calculate 
the  bandwidth  of  the  circuit. 

4.  An  amplifier  with  a  geometric  center  frequency  of  1100  kHz  has  a  Q  of  25.  Calcu¬ 
late  the  bandwidth  of  the  circuit. 

5.  Complete  the  following  table. 


/o(kHz) 

BW 

Q 

740 

2.4 

388 

40  kHz 

1050 

5.6 

920 

600  kHz 

6.  An  amplifier  has  cutoff  frequencies  of  1180  and  1300  kHz.  Show  that  /0  =  /ave 
for  the  circuit.  Also,  determine  the  Q  of  the  circuit. 

Section  17.3 

7.  Calculate  the  bandwidth  and  closed-loop  voltage  gain  for  the  filter  in  Figure  17.44. 


FIGURE  17.44 


8.  A  filter  like  the  one  in  Figure  17.44  has  values  of  R\  =  82  kfl,  C\  =  0.015  |xF, 
Rfi  =  150  kfl,  and  Rf2  =  20  kfl.  Calculate  the  bandwidth  and  closed-loop  voltage 
gain  of  the  circuit. 

9.  Calculate  the  bandwidth  and  closed-loop  voltage  gain  of  the  filter  in  Figure  17.45. 
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FIGURE  17.45 


10.  A  filter  like  the  one  in  Figure  17.14a  has  values  of  Ri  =  R2  =  33  kfl,  C,  =  100  pF, 
C2  =  200  pF,  and  Rf  =  220  kfl.  Calculate  the  bandwidth  and  closed-loop  voltage 
gain  of  the  circuit. 

11.  Calculate  the  bandwidth  and  closed-loop  voltage  gain  of  the  filter  in  Figure  17.46. 

12.  Calculate  the  bandwidth  and  closed-loop  voltage  gain  of  the  filter  in  Figure  17.47. 


C2 

22  nF 


FIGURE  17.47 
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13.  Calculate  the  lower  cutoff  frequency  and  closed-loop  voltage  gain  of  the  filter  in 
Figure  17.48. 


FIGURE  17.48 

14.  Calculate  the  lower  cutoff  frequency  and  closed-loop  voltage  gain  of  the  filter  in 
Figure  17.49. 


R2 

62  kH 


FIGURE  17.49 

Section  17.4 

15.  Calculate  the  values  of  fCufc2>  bandwidth,  geometric  center  frequency,  and  Q  for 
the  band-pass  filter  in  Figure  17.50. 


C2 


FIGURE  17.50 


744 


Chapter  17  Tuned  Amplifiers 


16.  Calculate  the  values  of  fC\,fc2,  bandwidth,  geometric  center  frequency,  and  Q  for 
the  band-pass  fdter  in  Figure  17.51. 


C2 


FIGURE  17.51 

17.  Calculate  the  values  of  /C],  fC2,  bandwidth,  geometric  center  frequency,  and  Q  for 
the  band-pass  filter  in  Figure  17.52. 


C2 

100  pF 


18.  Calculate  the  values  of  fcufci,  bandwidth,  geometric  center  frequency,  and  Q  for 
the  band-pass  filter  in  Figure  17.53. 


C2 

300  pF 
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19.  A  multiple-feedback  filter  has  values  of/0  =  62  kHz  and  BW  =  40  kHz.  Approxi¬ 
mate  the  values  of  fci  and  fC2  for  the  circuit  and  determine  the  percentage  of  error  in 
those  approximations. 

20.  A  multiple-feedback  filter  has  values  of/0  =  482  kHz  and  BW  =  200  kHz.  Approx¬ 
imate  the  values  of/cl  and  fa  for  the  circuit,  and  determine  the  percentage  of  error 
in  those  approximations. 

21.  Calculate  the  value  of  ACL  for  the  filter  in  Figure  17.52. 

22.  Calculate  the  value  of  ACL  for  the  filter  in  Figure  17.53. 

23.  Calculate  the  values  of/cl, /C2,  bandwidth,  geometric  center  frequency,  and  Q  for 
the  notch  filter  in  Figure  17.54. 


C2L 

0.22  pF 


24.  Calculate  the  values  of  fC\,fc2-  bandwidth,  geometric  center  frequency,  and  Q  for  the 
notch  filter  in  Figure  17.55. 

25.  Calculate  the  values  of /o,/c2>  bandwidth,  geometric  center  frequency,  and  Q  for  the 
notch  filter  in  Figure  17.56. 

26.  Calculate  the  values  offcl,fC2,  bandwidth,  geometric  center  frequency,  and  Q  for 
the  notch  filter  in  Figure  17.57. 

Section  17.7 

27.  Calculate  the  values  of  Q ,  Q,  .  geometric  center  frequency,  bandwidth,  fcu  and  fC2 
for  the  circuit  shown  in  Figure  17.58a. 

28.  Calculate  the  values  of  Q,  QL,  geometric  center  frequency,  bandwidth,  /C1,  and  fC2 
for  the  circuit  shown  in  Figure  17.58b. 
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FIGURE  17.55 


C2 

0.01  |XF 


FIGURE  17.56 

Section  17.9 

29.  Calculate  the  values  of  VCEQ  and  ICQ  for  the  class  C  amplifier  in  Figure  17.59. 

30.  Calculate  the  values  of  VCEQ  and  ICQ  for  the  amplifier  in  Figure  17.60. 

31.  Calculate  the  minimum  acceptable  peak  input  voltage  for  the  amplifier  in  Figure 

17.59. 

32.  Calculate  the  minimum  acceptable  peak  input  voltage  for  the  amplifier  in  Figure 

17.60. 
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33.  What  fault  is  indicated  by  the  readings  in  Figure  17.61?  Explain  your  answer.  PRACTICE  PROBLEMS 


FIGURE  17.61 


34.  What  fault  is  indicated  by  the  readings  in  Figure  17.62?  Explain  your  answer. 


FIGURE  17.62 


PUSHING  THE  ENVELOPE 

35.  The  inductor  in  Figure  17.63  is  replaced  by  one  with  a  winding  resistance  of  17  O. 

Calculate  the  shift  that  occurs  in  each  of  the  cutoff  frequencies  as  a  result  of  this 
change. 

36.  Figure  17.64  shows  a  notch  filter  that  consists  of  a  multiple-feedback  band-pass  fil¬ 
ter  and  a  summing  amplifier.  Using  your  knowledge  of  these  circuits,  describe  the 
response  of  the  filter  to  frequencies  below,  within,  and  above  its  bandwidth. 

SUGGESTED  COMPUTER 

37.  Write  a  program  that  will  determine  the  values  of/0,  Q,  and  bandwidth  for  a  multi-  APPLICATIONS 

pie-feedback  band-pass  active  filter.  PROBLEMS 

38.  Write  a  program  that  will  determine  the  values  of/0,  Q,  QL,  and  BW  for  a  discrete 
tuned  amplifier. 
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FIGURE  17.63 
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FIGURE  17.64 


/“?1  =  f?2  =  Rf 


ANSWERS  TO  THE 
EXAMPLE  PRACTICE 
PROBLEMS 


17.1  60 

17.2  56  kHz 

17.3  /0  =  1029  kHz ,/ave  =  1030  kHz,  Q  =  10.29 

17.4  fc  =  102.6  Hz,  Acl  =  2 

17.5  894.2  Hz 

17.6  fa  =  570  Hz,/c2  =  938  Hz,  BW  =  368  Hz,/0  =  731  Hz,  Q  =  1.99 

17.7  33.6  Hz 

17.8  Q=  1.08,  BW  =  31.1  Hz 

17.9  17.5  kHz,  22.5  kHz,  %  of  error  (/C1)  =  0.91%,  %  of  error  (/„)  =  0.71% 

17.11  1.13 

17.12  2.77  kHz 

17.13  31.9 

17.14  11.27 

17.15  245.8  Hz 
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Oscillators 


0  bjectives 

After  studying  the  material  in  this  chapter,  you  should  be  able  to: 

1.  State  the  function  of  the  oscillator. 

2.  Describe  positive  feedback,  how  it  is  produced,  and  how  it  maintains  oscillations  after  an 
oscillator  is  triggered. 

3.  Explain  the  Barkhausen  criterion  and  its  effect  on  oscillator  operation. 

4.  List  the  three  requirements  for  proper  oscillator  operation. 

5.  Describe  the  operating  characteristics  of  the  phase-shift  and  Wien- bridge  RC  oscillators. 

6.  Describe  the  operation  and  perform  the  complete  frequency  analysis  of  a  Colpitts 
oscillator. 

7 .  Describe  the  operation  of  the  Hartley,  Clapp,  and  Armstrong  LC  oscillators. 

8.  Describe  the  operating  principles  of  crystals  and  crystal-controlled  oscillators. 

9.  Describe  the  overall  approach  to  (and  the  difficulties  involved  in)  oscillator 
troubleshooting. 


Outline 

18.1  Introduction 

18.2  Phase-Shift  Oscillators 

18.3  The  Wien-Bridge  Oscillator 

18.4  The  Colpitts  Oscillator 

18.5  Other  LC  Oscillators 

18.6  Crystal-Controlled  Oscillators 

18.7  Oscillator  Troubleshooting 
Chapter  Summary 
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DC  to  AC? 


In  Chapter  3,  we  went  through  the  analysis  of  a  dc  power  sup¬ 
ply.  As  you  recall,  these  circuits  are  used  to  convert  ac  to  dc. 
In  this  chapter,  we  will  discuss  the  operation  of  oscilla¬ 
tors,  circuits  used  to  convert  dc  to  ac.  It  would  be  reason¬ 
able  to  wonder  why  we  want  to  convert  dc  to  ac  after  going 
through  the  trouble  of  having  a  power  supply  convert  ac  to 
dc.  Why  don't  we  just  use  the  ac  supplied  by  the  wall  outlet 
to  begin  with? 

The  line  frequency  in  the  United  States  is  60  Hz  standard. 
However,  electronic  systems  depend  on  internally  generated 


frequencies  that  typically  extend  well  into  the  megahertz 
(MHz)  range.  In  fact,  microwave  systems  depend  on  inter¬ 
nally  generated  frequencies  in  the  gigahertz  (GHz)  range. 
These  frequencies  must  somehow  be  developed  using  the  dc 
voltages  present  in  the  system.  This  function  is  performed  by 
circuits  called  oscillators. 

How  common  are  oscillators?  You  will  see  throughout 
your  career  that  there  are  very  few  electronic  systems  that 
do  not  contain  one  or  more  oscillators. 


OBJECTIVE  1  ► 

Oscillator 

An  ac  signal  generator.  A 
circuit  that  converts  dc  to  a 
sinusoidal  (or  other)  waveform. 


An  oscillator  is  a  circuit  that  produces  an  output  waveform  without  an  external  signal 
source.  The  only  input  to  an  oscillator  is  the  dc  power  supply.  As  such,  an  oscillator  can 
be  viewed  as  a  signal  generator. 

There  are  several  types  of  oscillators,  each  classified  according  to  the  type  of  output 
waveform  it  produces.  In  this  chapter,  we  will  cover  the  operation  of  sine-wave  oscilla¬ 
tors,  which  have  sinusoidal  outputs.  Then,  in  Chapter  19,  we  will  discuss  (along  with  a 
variety  of  circuits)  the  operation  of  a  square-wave  oscillator. 


18.1  Introduction 


OBJECTIVE  2  ►  In  Chapter  15,  you  were  told  that  positive-feedback  is  the  key  to  oscillator  operation.  As 
shown  in  Figure  18.1,  a  positive-feedback  network  produces  a  feedback  voltage  (v^)  that 
is  in  phase  with  the  amplifier  input  signal.  Here’s  how  this  circuit  works:  An  input  signal 
(vin)  is  applied  to  the  amplifier,  which  introduces  a  180°  voltage  phase  shift.  The  output 
signal  is  applied  to  the  input  of  the  feedback  network,  which  introduces  another  180° 
voltage  phase  shift.  As  a  result,  the  signal  voltage  is  shifted  360°  as  it  travels  around  the 
loop.  As  you  know,  a  360°  shift  is  the  same  as  a  0°  shift.  Therefore,  the  feedback  and 
input  signals  are  in  phase.  (Of  course,  the  same  result  can  be  achieved  using  an  amplifier 
and  feedback  network  that  each  produce  a  0°  phase  shift.) 


FIGURE  18.1  Positive  feedback. 

18.1.1  Oscillators:  The  Basic  Idea 

Even  though  the  circuit  in  Figure  18.1  is  useful  in  explaining  positive  feedback,  having  an 
input  signal  is  inconsistent  with  our  definition  of  an  oscillator.  However,  by  modifying 
Figure  18. 1,  we  can  develop  a  circuit  that  is  very  useful  for  showing  you  the  basic  operat¬ 
ing  principle  of  the  oscillator.  This  modified  circuit  is  shown  in  Figure  18.2. 


Positive  feedback 

A  type  of  feedback  signal  that 
is  in  phase  with  the  circuit  input 
signal.  _ _ 
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(b) 


FIGURE  18.2 


In  Figure  18.2,  we  have  added  a  switch  in  series  with  the  amplifier  input.  When  the 
switch  is  closed,  the  circuit  waveforms  are  as  shown  in  the  figure.  Now,  assume  that  the 
switch  is  opened  while  the  circuit  is  in  operation.  If  this  happens,  vin  is  isolated  from 
the  circuit.  However,  vf  (which  is  in  phase  with  the  original  input)  is  still  applied  to  the 
amplifier  input.  The  amplifier  responds  to  this  signal  in  the  same  way  that  it  did  to  vin. 
In  other  words,  vf  is  amplified  and  sent  to  the  output.  Since  the  feedback  network  sends 
a  portion  of  the  output  back  to  the  input,  the  amplifier  receives  another  input  cycle,  and 
another  output  cycle  is  produced.  This  process  continues  as  long  as  the  amplifier  is 
turned  on,  and  the  amplifier  produces  a  sinusoidal  output  with  no  external  signal 
source. 

The  feedback  network  in  an  oscillator  generates  an  input  to  the  amplifier,  which  in 
turn  generates  an  input  to  the  feedback  network.  Since  positive  feedback  produces  this 
circuit  action,  it  is  often  referred  to  as  regenerative  feedback.  Regenerative  feedback  is 
the  basis  of  operation  for  all  oscillators.  This  point  will  be  demonstrated  throughout 
this  chapter. 

It  should  be  noted  that  an  oscillator  needs  only  a  quick  trigger  signal  to  start  the  oscil¬ 
lating  circuit  action.  In  other  words,  anything  that  causes  a  slight  signal  variation  at  any 
point  in  the  circuit  will  start  the  oscillator.  It  is  not  necessary  for  us  to  provide  a  complete 
input  cycle  from  an  external  source.  In  fact,  most  oscillators  will  provide  their  own  trig- 


Regenerative  feedback 
Another  name  for  positive 
feedback. 
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ger  signals.  The  sources  of  these  trigger  signals  will  be  made  clear  in  the  next  section.  For 
now,  just  remember  these  basic  requirements  for  oscillator  operation: 

1.  The  circuit  must  have  a  positive  (regenerative)  feedback  loop.  This  means  that  the 
amplifier  and  its  feedback  circuitry  must  combine  to  produce  a  360°  (or  0°)  voltage 
phase  shift. 

2.  The  circuit  must  receive  some  trigger,  either  internally  or  externally  generated,  to 
start  the  oscillations. 

There  is  one  more  requirement  that  must  be  fulfilled  for  an  oscillator  to  work:  The  circuit 
must  fulfill  a  condition  called  the  Barkhausen  criterion. 


18.1.2  The  Barkhausen  Criterion 

In  Chapter  16,  you  were  shown  that  the  active  component  in  a  feedback  amplifier  pro¬ 
vides  voltage  gain  (Av)  while  the  feedback  network  introduces  a  voltage  loss,  or  attenua¬ 
tion  (av).  In  other  words,  a  feedback  amplifier  has  values  of  Av  >  1  and  av  <  1. 
OBJECTIVE  3  ►  For  an  oscillator  to  operate  properly,  the  following  relationship  must  be  fulfilled: 


1 


(18.1) 


Barkhausen  criterion 

The  relationship  between  the 
circuit  feedback  factor  (a,,) 
required  and  voltage  gain  (Av) 
required  for  proper  oscillator 
operation.  _______ 


This  relationship  is  known  as  the  Barkhausen  criterion.  The  results  of  not  fulfilling  this 
criterion  are  as  follows: 

1.  If  otiAv  <  1,  the  oscillations  will  fade  out  within  a  few  cycles. 

2.  If  avAv  >  1,  the  oscillator  may  drive  itself  into  saturation  and  cutoff  clipping. 

These  points  are  easy  to  understand  if  we  apply  them  to  a  couple  of  circuits  using  sev¬ 
eral  different  combinations  of  Av  and  otv.  As  a  reference,  we  will  use  the  circuits  shown  in 
Figure  18.3.  In  Figure  18.3a,  the  output  voltage  is  shown  to  be  the  product  of  the  ampli¬ 
fier  gain  (Av)  and  the  input  voltage  (vf).  By  formula, 


The  value  of  vf  depends  on  the  values  of  av  and  vout  as  follows: 

V/  =  avvDOt 

Now,  we  will  use  these  relationships  to  demonstrate  what  happens  in  Figure  18.3a  as  the 
circuit  progresses  through  several  cycles  of  operation.  We  will  assume  that  the  initial 
input  to  the  amplifier  is  a  100  mVpk  signal.  Starting  with  this  value  and  using  the  values 
of  A„  and  av  shown  in  the  figure,  the  circuit  cycles  as  follows: 


Cycle 

Vin 

^out 

vf 

1 

100  mVpk 

10Vpk 

10  mVpk 

2 

10  mVpk 

ivpk 

1  mVpk 
_ 1 

3 

1  mVpk 

100  mVpk  -- 

0.1  mVpk 

Note  how  the  value  of  Vf  produced  by  each  cycle  is  used  as  vm  for  the  next.  This  is  con¬ 
sistent  with  the  basic  operating  principle  of  the  oscillator.  Now,  take  a  look  at  the  progres¬ 
sion  in  the  vout  column.  As  you  can  see,  vout  decreases  from  each  cycle  to  the  next.  If  this 
progression  continues,  vou,  eventually  reaches  0  V  for  all  practical  purposes.  This  output 
deterioration  is  illustrated  in  Figure  18.3a.  Note  that  this  circuit  has  an  a,,  A,.  product  that 
is  less  than  1.  As  you  can  see,  when  a VAV  <  1,  the  oscillations  lose  amplitude  on  each 
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(a)  The  output  fades  out  when  <  1 . 


(b)  The  output  is  driven  into  dipping  when  a^Av  >  1 . 


(c)  A  constant-amplitude  output  is  produced  when  aAv  =  1 . 
FIGURE  18.3  Effects  of  avAv  on  oscillator  operation. 


progressive  cycle  and  will  eventually  fade  out.  This  loss  of  signal  amplitude  is  called 

damping. 

When  avAv  is  greater  than  1,  the  output  amplitude  increases  with  each  cycle.  This 
problem  is  illustrated  in  Figure  18.3b.  Using  the  same  initial  0.1  Vpk  input  as  before  and 
the  circuit  values  shown,  the  circuit  voltages  in  Figure  18.3b  progress  as  follows: 


Cycle 

Vin 

^out 

vf 

1 

0.1  Vpk 

10  Vpk 

jVpk 

2 

i 

ivpk 

100  vpk 

10Vpk 

3 

10Vpk 

1000  vpk 

100  vpk 

For  this  circuit,  it  took  only  two  cycles  to  start  hitting  some  ridiculous  values  for 
vout.  The  point  is  that  vout  is  increasing  from  each  cycle  to  the  next.  After  several  cycles, 
the  output  starts  to  experience  saturation  and  cutoff  clipping.  Thus,  a VAV  cannot  be 
greater  than  1 . 

The  only  condition  that  provides  a  constant  sinusoidal  output  from  an  oscillator  is  to 
have  a  product  of  avAv  =  1.  This  results  in  the  circuit  operation  illustrated  in  Figure 
18.3c.  Using  the  same  0.1  Vpk  initial  input,  let’s  construct  the  cycle  chart  for  Figure  18.3c. 


Damping 

The  fading  and  loss  of 
oscillations  that  occur  when 
a,Av  <  1. 


Section  18.1  Introduction 


755 


Cycle 

vin 

^out 

vf 

1 

0.1  Vpk 

10Vpk 

o.l  Vpk 

1 

2 

+ 

0.1  vpk 

10Vpk 

0.1  Vpk 

1 

3 

i 

0.1  vpk 

10Vpk 

0.1  Vpk 

It  is  obvious  that  the  cycle  will  continue  over  and  over.  Thus,  having  a  product  of 
a VAV  =  1  causes  the  oscillator  to  have  a  consistent  sinusoidal  output,  which  is  the  only 
acceptable  outcome. 

OBJECTIVE  4  ►  We  have  established  the  three  requirements  for  an  oscillator: 


What  is  required  for  a  circuit  to 

.  V  i. 


1.  Regenerative  feedback. 

2.  An  initial  input  trigger  to  start  the  oscillations. 

3.  a,,Av  =  1  (fulfilling  the  Barkhausen  criterion). 


As  long  as  all  these  conditions  are  fulfilled,  we  have  an  oscillator.  Now,  we  will  look  at  a 
variety  of  circuits  to  see  how  these  requirements  are  fulfilled. 


Section  Review  ► 


1.  What  is  an  oscillatorl 

2.  What  is  positive  feedback! 

3.  In  terms  of  phase  shifts,  how  is  positive  feedback  usually  produced? 

4.  How  does  positive  feedback  maintain  the  oscillations  started  by  a  trigger? 

5.  What  is  the  Barkhausen  criterion ? 

6.  What  happens  when  otvAv  >  1  ? 

7.  What  happens  when  otvA„  <  1  ? 

8.  What  is  damping ? 

9.  List  the  three  requirements  for  proper  oscillator  operation. 


18.2  Phase-Shift  Oscillators 


OBJECTIVE  5  ►  Probably  the  easiest  oscillator  to  understand  is  the  phase-shift  oscillator.  This  circuit  con¬ 
tains  three  RC  circuits  in  its  feedback  network,  as  shown  in  Figure  18.4. 


A  Circuit  Variation: 

Figure  18.4  shows  a  phase-shift 
oscillator  that  contains  series 
resistors  and  shunt  capacitors. 
You  can  also  construct  a  phase- 
sluit  oscillator  using  shunt 


In  your  study  of  basic  electronics,  you  were  introduced  to  the  phase  shift  that  is  pro¬ 
duced  by  an  RC  circuit  at  a  given  frequency.  As  you  may  recall,  the  phase  shift  produced 
by  a  given  RC  circuit  is  found  as 

0  =  tan-I-=|£  (18.2) 

where  0  =  the  phase  angle  of  the  circuit 
tan-1  =  the  inverse  tangent  of  the  fraction 
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At  this  point,  we  are  not  interested  in  the  exact  value  of  0.  We  are  interested  in  the  fact 
that  0  changes  with  Xc  and,  thus,  with  frequency.  In  other  words,  a  given  RC  circuit  can 
be  designed  to  produce  a  specific  phase  shift  at  a  given  frequency. 

Now,  assume  that  the  phase-shift  oscillator  is  designed  so  that  the  three  RC  circuits 
produce  a  combined  phase  shift  of  180°  at  a  resonant  frequency,/..  This  allows  the  circuit 
to  oscillate  at  that  frequency,  provided  that  the  Barkhausen  criterion  has  been  met.  For 
example,  let’s  assume  that  the  feedback  circuit  in  Figure  18.4  is  designed  to  produce  a 
180°  voltage  phase  shift  when/  =  10  kHz,  and  that  avAv  =  1  at  the  same  frequency.  As  a 
result,  the  circuit  oscillates,  generating  a  10  kHz  sine-wave  output. 

You  would  think  that  each  RC  circuit  in  the  phase-shift  oscillator  would  be  designed  to 
produce  a  60°  phase  shift,  with  the  three  60°  shifts  combining  to  produce  the  180°  shift 
needed  for  regenerative  feedback.  However,  this  is  not  the  case.  Each  RC  circuit  in  the 
phase-shift  oscillator  acts  as  a  load  on  the  previous  RC  circuit.  Just  as  the  loaded-)/  of  an 
amplifier  differs  from  the  unloaded-g,  the  phase  shift  of  a  loaded  RC  circuit  differs  from 
that  of  an  unloaded  RC  circuit.  Thus,  the  exact  phase  shift  of  each  RC  circuit  in  the  phase- 
shift  oscillator  varies  from  the  next.  However,  the  overall  phase  shift  of  the  three  still  adds 
up  to  180°. 


Phase-shift  oscillator 

An  oscillator  that  uses  three  RC 
circuits  in  its  feedback  network 
to  produce  a  1 80°  phase  shift. 


18.2.1  Practical  Considerations 


You  should  be  aware  that  phase-shift  oscillators  are  rarely  used  because  they  are  extremely 
unstable.  Oscillator  stability  is  a  measure  of  its  ability  to  maintain  an  output  that  is  con¬ 
stant  in  frequency  and  amplitude.  Phase-shift  oscillators  are  extremely  difficult  to  stabilize 
in  terms  of  frequency.  Thus,  they  cannot  be  used  in  any  application  where  timing  is  critical. 

Even  though  the  phase-shift  oscillator  is  rarely  used,  it  is  introduced  here  for  two  rea¬ 
sons.  First,  as  stated  earlier,  the  phase-shift  oscillator  is  easy  to  understand.  Thus,  it  serves 
as  a  valuable  learning  tool.  Second,  it  is  very  easy  to  build  a  phase-shift  oscillator  acci¬ 
dentally.  For  example,  consider  the  circuit  shown  in  Figure  18.5.  In  this  circuit,  we  have 
three  RC  networks.  Each  RC  circuit  is  made  up  of  a  coupling  capacitor  and  the  input 
resistance  of  the  following  stage.  The  first  RC  circuit  consists  of  Ccl  and  the  input  resis¬ 
tance  of  the  first  stage,  the  second  consists  of  Cc 2  and  the  input  resistance  of  the  second 
stage,  and  the  third  consists  of  Cc 3  and  the  input  resistance  of  the  third  stage.  These  three 
RC  circuits  combine  to  produce  a  phase  shift  of  180°.  This  phase  shift  is  added  to  a  com¬ 
bined  transistor  phase  shift  of  180°  (the  first  two  180°  shifts  cancel  out).  The  feedback 
path  is  provided  through  the  dc  power  supply  ( Vcc ).  Remember  that  Vcc  is  simply  a  dc 
source  connected  between  the  “high”  side  of  the  circuit  and  all  the  ground  connections.  If 
the  internal  resistance  of  the  dc  power  supply  is  high  enough,  any  alternating  current 
coupled  to  the  power  supply  can  cause  a  significant  alternating  voltage  to  be  developed 
across  the  resistance.  This  voltage,  fed  back  to  the  first  stage  through  its  biasing  circuit, 
can  convert  the  circuit  to  an  unintentional  oscillator. 


Oscillator  stability 

A  measure  of  an  oscillator’s 
ability  to  maintain  constant 
output  amplitude  and 
frequency. 
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How  do  regulated  power 

■ .  .  isi 

oseiflatioos? _  ,..y..J.. 


In  practice,  avAv  must  be 


How  are  practical  oscillators 


One  solution  to  this  potential  problem  is  to  use  a  regulated  dc  power  supply.  As  you 
were  told  in  Chapter  10,  the  internal  resistance  of  a  regulated  power  supply  is  extremely 
low.  This  low  internal  resistance  keeps  the  voltage  produced  by  changes  in  current  to  a 
minimum.  Thus,  any  changing  voltage  generated  appears  as  a  small  ripple  in  the  dc  sup¬ 
ply  voltage.  Another  solution  is  to  connect  a  low-value  bypass  capacitor  across  the  dc 
power  supply  to  short  any  alternating  current  around  the  internal  resistance  of  the  supply. 
We  discussed  the  use  of  a  decoupling  capacitor  for  this  purpose  in  Chapter  10. 

There  are  several  other  possible  sources  of  unwanted  oscillations.  Stray  capacitance 
between  the  stages  of  an  amplifier  can  cause  high-frequency  oscillations  at  the  output.  Oscil¬ 
lations  caused  by  stray  capacitance  can  be  eliminated  by  increasing  the  distance  between 
stages  or  by  placing  metal  shielding  over  each  stage.  High-frequency  oscillations,  called 
loop  oscillations,  can  also  be  caused  by  improper  ground  connections  between  amplifier 
stages.  Loop  oscillations  can  be  prevented  by  connecting  all  the  stages  to  the  same  ground 
point  (if  possible)  and  by  keeping  the  lengths  of  the  ground  connections  as  short  as  possible. 

Another  practical  consideration  involves  the  Barkhausen  criterion.  The  relationship 
a VAV  =  1  holds  true  only  for  ideal  circuits.  In  any  practical  circuit,  the  product  of  a VAV 
must  be  slightly  greater  than  1 .  Since  each  resistive  component  in  an  oscillator  dissipates 
some  amount  of  power,  there  is  a  power  loss  in  the  overall  circuit.  By  making  avAv 
slightly  greater  than  1,  the  power  lost  during  each  cycle  is  returned  to  the  circuit.  How 
much  greater  than  1?  Just  enough  to  sustain  oscillations. 

Finally,  we  must  address  the  question  of  how  the  oscillations  start.  Consider  what  hap¬ 
pens  when  power  is  first  applied  to  the  circuit  shown  in  Figure  18.4.  Since  the  output  is 
fed  back  to  the  inverting  input,  there  must  exist  a  180°  phase  shift  between  the  two  ends 
of  the  feedback  network.  When  the  power  is  applied,  the  circuit  establishes  this  phase 
shift  in  one  of  two  ways: 


1.  The  input  remains  stable,  and  the  output  changes  to  the  opposite-polarity  extreme. 

2.  The  output  remains  stable,  and  the  input  voltage  changes  to  the  opposite-polarity 
voltage. 

Which  of  these  two  possibilities  happens  is  of  no  consequence.  Either  way,  a  transition 
occurs  between  the  output  and  input.  This  transition  is  enough  to  trigger  the  oscillating 
process. 


Section  Review  ►  1.  What  is  a  phase-shift  oscillator ? 

2.  How  is  regenerative  feedback  produced  by  the  phase-shift  oscillator? 

3.  What  is  oscillator  stability ? 

4.  Why  are  phase-shift  oscillators  rarely  used? 

5.  Explain  how  a  three-stage  BJT  amplifier  can  become  a  phase-shift  oscillator. 

6.  Explain  how  the  problem  in  Question  5  is  prevented. 

7.  Why  must  avAv  be  slightly  greater  than  1  in  a  practical  oscillator? 

8.  How  is  a  trigger  produced  in  a  practical  oscillator? 


18.3  The  Wien-Bridge  Oscillator 


Wien-bridge  oscillator 

An  oscillator  that  achieves 
regenerative  feedback  by 
producing  no  phase  shift  at  fr. 


Why  are  there  two  feedback 


The  Wien-bridge  oscillator  is  one  of  the  more  commonly  used  low-frequency  RC  oscil¬ 
lators.  This  circuit  achieves  regenerative  feedback  by  producing  no  phase  shift  at  the  reso¬ 
nant  frequency.  In  other  words,  neither  the  amplifier  nor  the  feedback  network  produces  a 
phase  shift.  This  has  the  same  effect  as  using  two  180°  phase-shift  circuits  to  produce 
oscillations.  The  basic  Wien-bridge  oscillator  is  shown  in  Figure  18.6. 

The  Wien-bridge  oscillator  has  two  feedback  paths:  a  positive-feedback  path  (to  the 
noninverting  input)  and  a  negative-feedback  path  (to  the  inverting  input).  The  positive- 
feedback  path  is  used  to  produce  oscillations,  while  the  negative-feedback  path  is  used  to 
control  the  ACL  of  the  circuit. 
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18.3.1  The  Positive-Feedback  Path 

The  positive-feedback  network  contains  two  RC  circuits.  R{C ,  forms  a  low -pass  filter, 
while  R2C2  forms  a  high-pass  filter.  As  you  learned  in  Chapter  17,  the  series  combination 
of  a  low-pass  filter  and  a  high-pass  filter  forms  a  band-pass  filter.  The  resonant  frequency 
of  this  band-pass  filter  determines  the  oscillating  frequency  of  the  circuit. 

A  typical  Wien-bridge  oscillator  is  designed  so  that  R,C,  =  R2C2.  As  a  result,  the  two  cir¬ 
cuits  have  the  same  cutoff  frequency,  as  illustrated  in  Figure  18.7.  Note  that  the  frequency- 
response  curves  cross  at  the  cutoff  frequency  (/c)  of  each  circuit.  As  a  result,  the  circuit 
oscillates  at  this  frequency. 


FIGURE  18.7  Frequency  response  of  the  positive-feedback  path. 

As  you  know,  a  band-pass  filter  does  not  introduce  a  phase  shift  when  it  is  operated  at 
its  resonant  frequency.  Also,  there  is  no  phase  shift  between  the  noninverting  input  of  the 
op-amp  and  the  component  output  terminal.  Therefore,  the  output  and  input  signals  are  in 
phase,  and  the  feedback  is  regenerative. 

One  final  note  on  this  circuit:  You  will  often  see  trimmer  potentiometers  added  in  series 
with  R\  and  R2.  These  trimmers  allow  the  feedback  circuit  (and,  thus,  the  resonant  fre¬ 
quency)  to  be  “fine-tuned.”  The  circuit  shown  in  Figure  18.8  shows  the  added  trimmer 
pots.  The  pots  are  adjusted  to  set  the  frequency  of  oscillations  to  the  precise  value  desired. 


Lab  Reference:  The  operation  of 
the  oscillator  in  Figure  18.6  is 
demonstrated  in  Exercise  30. 


The  positive-feedback  circuit  is 


W.hy  ai  i  trimmer  pots  useij? 
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FIGURE  18.8  Trimmer  pots  used  for  oscillator  tuning. 


Why  add  two  potentiometers?  Why  not  make  /?,  and  R2  potentiometers  and  save  the  extra 
components?  The  answer  to  these  questions  is  based  on  the  fact  that  Rt  and  R2  are  commonly 
selected  to  be  in  the  neighborhood  of  10  to  200  kll  For  the  circuit  to  be  fine  tuned,  you  want 
the  potentiometers  to  have  a  range  that  is  equal  to  approximately  10%  of  the  total  series  resis¬ 
tance  or  less.  For  example,  if  /?,  =  R2  =  1  (X)  kft,  you  want  the  potentiometers  to  have  a  max¬ 
imum  range  of  10  kfl  or  less.  (In  all  probability,  you  would  want  them  to  be  as  low  as  1  kll.) 
This  gives  you  the  ability  to  vary/c  easily  across  a  relatively  narrow  range  of  frequencies. 


18.3.2  The  Negative-Feedback  Circuit 

The  negative-feedback  circuit  is  used  to  set  the  closed-loop  voltage  gain  (Aa  )  of  the  cir¬ 
cuit.  You  may  recall  from  earlier  discussions  that  voltage-divider  circuits  are  commonly 
used  for  this  purpose.  The  only  differences  between  this  feedback  path  and  the  other  neg¬ 
ative-feedback  circuits  covered  until  now  are: 


1.  The  added  potentiometer,  R4. 

2.  The  diodes  in  parallel  with  R3. 


Lab  Reference:  The  effects  of 
the  negative-feedback  path  on 
circuit  operation  are  observed  in 
Exercise  30.  _ 


The  potentiometer  allows  you  to  adjust  the  closed-loop  voltage  gain  of  the  circuit  as 
follows.  As  you  know,  the  closed-loop  voltage  gain  of  a  noninverting  amplifier  is  found  as 


For  the  circuit  shown  in  Figure  18.8,  /?in  =  R5  and  Rj  —  (R3  +  Rfi  when  the  diodes  are 
off.  Substituting  these  values  into  the  above  equation,  we  get 


R3  +  R4  , 
Acl  ~  R  +1 

«5 


As  this  equation  indicates,  adjusting  the  value  of  /?3  has  the  effect  of  increasing  or 
decreasing  the  value  of  ACh  for  the  circuit. 

The  diodes  are  contained  in  the  feedback  path  to  prevent  the  circuit  output  from 
exceeding  a  predetermined  value.  If  the  oscillator  output  tries  to  exceed  the  magnitude  of 
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(VR4  +  VR5)  by  more  than  0.7  V,  one  of  the  diodes  turns  on,  shorting  out  R3.  This  effec¬ 
tively  reduces  the  closed-loop  voltage  gain  to  approximately 

R4 

Note  that  the  diodes  are  essentially  acting  as  clippers  in  this  application. 

18.3.3  Frequency  Limits 

As  the  operating  frequency  of  an  op-amp  increases,  a  point  may  be  reached  where  a  signif¬ 
icant  voltage  phase  shift  is  introduced  between  the  noninverting  input  and  the  output  termi¬ 
nal.  This  phase  shift  is  caused  by  the  propagation  delay  of  the  op-amp.  The  propagation  Propagation  delay 
delay  of  any  component  is  the  time  required  for  a  signal  to  pass  from  its  input  to  its  output.  The  time  required  for  a  signal 

When  the  op-amp  starts  to  introduce  a  phase  shift,  the  oscillating  action  of  the  circuit  to  pass  through  a  component  or 

starts  to  lose  its  stability.  Remember,  the  operation  of  the  circuit  depends  heavily  on  the  circuit. _ _ 

phase  relationship  between  the  input  and  output.  When  you  change  this  relationship,  you 
affect  the  operation  of  the  oscillator. 


s  jbi  isp  | 
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A  Practical  Consideration: 

The  frequency  stability  of  the 
Wien-bridge  oscillator  is  much 
higher  than  that  of  the  phase- 
shift  oscillator.  However,  it  still 
experiences  some  frequency 
drift  due  to  component  m t . ,| 

toierances  and  heating.  Tl^  . 


-pass  circuit  in  the 


ut  frequency. 

lited  by  the  propagation 


For  most  Wien-bridge  oscillators,  the  upper  frequency  limit  is  below  1  MHz.  Above 
this  frequency,  the  stability  of  the  oscillator  starts  to  drop.  For  any  oscillator  application, 
this  is  an  unacceptable  situation.  For  higher-frequency  applications,  discrete  LC  oscilla¬ 
tors  are  used.  We  will  discuss  these  circuits  through  the  next  two  sections. 

18.3.4  Summary 

The  Wien-bridge  oscillator  contains  an  op-amp  and  two  feedback  networks.  The  positive- 
feedback  network  is  used  to  control  the  operating  frequency  of  the  circuit,  while  the 
negative-feedback  network  is  used  to  control  its  gain.  By  including  variable  compo¬ 
nents  in  the  positive-  and  negative-feedback  networks,  both  the  gain  and  the  frequency 
of  operation  for  the  circuit  can  be  adjusted. 

Because  of  the  propagation  delay  of  the  op-amp,  Wien-bridge  oscillators  are  restricted 
to  operating  frequencies  below  1  MHz.  The  Wien-bridge  oscillator  characteristics  are 
summarized  in  Figure  18.9. 


Section  Review  ► 


1.  Describe  the  construction  of  the  Wien-bridge  oscillator. 

2.  How  does  the  positive-feedback  network  of  the  Wien-bridge  oscillator  control  its 
operating  frequency? 

3.  Explain  why  potentiometers  are  normally  included  in  the  positive-feedback  network 
of  a  Wien-bridge  oscillator. 

4.  Explain  why  a  potentiometer  is  normally  included  in  the  negative-feedback  network 
of  a  Wien-bridge  oscillator. 

5.  What  is  propagation  delay ? 

6.  How  does  propagation  delay  limit  the  operating  frequency  of  a  Wien-bridge  oscillator? 


18.4  The  Colpitts  Oscillator 


OBJECTIVE  6  ►  The  Colpitts  oscillator  is  a  discrete  LC  amplifier  that  uses  a  pair  of  tapped  capacitors 
and  an  inductor  to  produce  the  regenerative  feedback  necessary  for  oscillations.  The  Col¬ 
pitts  oscillator  is  shown  in  Figure  18.10.  As  you  can  see,  the  transistor  is  in  a  common- 
emitter  configuration.  Since  this  configuration  produces  a  1 80°  voltage  phase  shift  from 
base  to  collector,  the  feedback  network  must  also  produce  a  180°  voltage  phase  shift  if 
the  feedback  is  to  be  regenerative. 


Lab  Reference:  The  operation  of 
an  oscillator  like  the  one  in  Figure 
18.10  is  demonstrated  in  Exercise 
30.  _ 


VCC 


FIGURE  18.10  Colpitts  oscillator  (common-emitter  configuration). 
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18.4.1  The  Feedback  Network 


The  key  to  understanding  the  Colpitts  oscillator  is  knowing  how  the  feedback  network 
produces  a  180°  voltage  phase  shift.  The  feedback  network  in  Figure  18.10  is  made  up  of 
Cx,  C 2,  and  L. 

The  operation  of  the  feedback  network  is  based  on  the  following  key  points: 

1.  The  amplifier  output  voltage  is  developed  across  C,. 

2.  The  feedback  voltage  is  developed  across  C2. 

3.  The  voltage  across  C2  is  180°  out  of  phase  with  the  voltage  across  Cx.  Therefore, 
the  feedback  voltage  is  180°  out  of  phase  with  the  output  voltage. 


Colpitts  oscillator 

An  oscillator  that  uses  a  pair  of 
tapped  capacitors  and  an 
inductor  to  produce  a  180° 
voltage  phase  shift  in  the 
feedback  network. 


Points  1  and  2  are  easier  to  see  if  we  simplify  the  circuit  as  shown  in  Figure  18.1 1.  In  Fig¬ 
ure  18.11a,  we  have  dropped  the  inductor  ( L )  from  the  circuit.  Then,  in  Figure  18.11b,  we 
split  the  capacitors  at  the  ground  connection.  As  you  can  see,  the  input  voltage  to  the 
amplifier  is  developed  across  C2.  Therefore,  C2  must  be  the  source  of  the  feedback  volt¬ 
age.  Ci  is  obviously  across  the  output  of  the  amplifier.  Therefore,  vout  is  measured  across 
this  component.  Now,  the  trick  is  to  see  how  the  voltages  across  these  two  components 
are  always  180°  out  of  phase. 


Vcc 


FIGURE  18.11 


vcc 


(b) 


The  phase  relationship  between  vou,  and  vf  is  caused  by  the  current  action  in  the 
feedback  network.  This  action  can  be  seen  if  we  redraw  the  feedback  network  as  shown 
in  Figure  18.12.  By  comparing  the  circuit  shown  in  Figure  18.12  with  the  feedback  net¬ 
work  in  Figure  18.10,  you  can  see  that  the  circuits  are  identical.  Now,  let’s  assume  for  a 
moment  that  L  has  a  voltage  across  it  with  the  polarities  shown.  If  we  view  L  as  the 
voltage  source,  it  is  easy  to  see  that  it  produces  a  current  in  the  circuit.  This  current 
develops  voltages  across  Cx  and  C2  with  the  polarities  shown.  As  you  can  see,  these 
voltages  are  180°  out  of  phase.  If  you  reverse  the  voltage  polarity  across  L,  all  polarity 
signs  and  current  directions  reverse,  but  the  voltages  across  C,  and  C2  are  still  180°  out 
of  phase. 

The  value  of  the  feedback  voltage  in  the  Colpitts  oscillator  depends  on  the  av  of  the 
circuit.  For  this  oscillator,  av  is  the  ratio  of  XC2  to  Xcl.  By  formula. 


_ _ 

L 

Cx  C2 


FIGURE  18.12 


(18.3) 
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Since  XC2  and  Xcl  are  inversely  proportional  to  the  values  of  C2  and  C|  at  a  given 
frequency,  equation  (18.3)  can  be  rewritten  as 


The  validity  of  equation  (18.4)  is  demonstrated  in  Example  18.1. 


(18.4) 


EXAMPLE  18.1 _ 

Determine  the  value  of  av  for  the  circuit  shown  in  Figure  18.13  using  both  equa¬ 
tions  (18.3)  and  (18.4). 


vcc 


Solution:  Before  we  can  determine  av  with  equation  (18.3),  we  have  to  determine 
the  reactance  of  the  two  capacitors.  Before  we  can  determine  Xcl  and  Xc2,  we  have 
to  find  the  operating  frequency  of  the  circuit.  As  always,  the  operating  frequency  is 
equal  to  the  resonant  frequency  of  the  feedback  network.  To  find  fr,  we  need  to 
determine  the  total  capacitance  in  the  Cy-C2-L  circuit. 

Figure  18.1 1  demonstrated  the  fact  that  C,  and  C2  are  in  series.  Therefore, 


Cr  = 


CtC2  (3.3  nFXO.l  *F) 


Ci  +  C2  3.3  nF  +  0.1  p.F 


3.19  nF 


Now,  we  can  use  this  value  to  find/,.  as  follows: 

fr  = - = -  1  -  411kHz 

iWlCt  2ttV(47  |xH)(3.19  nF) 

Using  the  value  of  /  =  411  kHz,  we  can  now  calculate  values  of  XC1  =  1 17.34  O 
and  Xc2  =  3.87  fl.  Using  these  values  in  equation  (18.3),  we  get 


%C2 

XCi 


3.87H 
117.34  0 


0.03298  s  0.033 
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Now,  if  we  determine  the  value  of  av  using  equation  (18.4),  we  obtain 


Ci  _  3.3  nF 

0.1  |xF 


«.  =7r  = 


0.033 


Practice  Problem  18.1 

A  Colpitts  oscillator  like  the  one  in  Figure  18.13  has  the  following  values:  CI  =  10  nF, 
C2  =  1.5  |xF,  and  L  =  10  (xH.  Calculate  the  value  of  av  for  the  circuit  using  both 
equations  (18.3)  and  (18.4). 


Because  none  of  us  enjoys  doing  things  the  hard  way,  equation  (18.4)  is  the  preferred 
approach  to  calculating  the  value  of  av. 

18.4.2  Circuit  Gain 

As  with  any  other  oscillator,  the  product  of  a VAV  for  the  Colpitts  oscillator  must  be 
slightly  greater  than  1.  This  prevents  loss  of  oscillations  due  to  power  losses  within  the 
amplifier  and,  at  the  same  time,  preVents  the  circuit  from  driving  itself  into  saturation  and 
cutoff  clipping. 

As  described  earlier,  vout  is  developed  across  C2,  and  vf  is  developed  across  C) .  The 
voltage  gain  of  any  circuit  equals  the  ratio  of  output  voltage  to  input  voltage.  Since  vin  = 
Vf,  the  value  of  Av  for  the  Colpitts  amplifier  can  be  found  as 

A,  =  ^a  S 

V/  c\ 


18.4.3  Amplifier  Coupling 

As  with  any  parallel  resonant  tank  circuit,  the  feedback  network  loses  some  efficiency 
when  loaded  down.  To  reduce  the  loading  effects  of  RL,  Colpitts  oscillators  are  commonly 
transformer  coupled  to  the  load.  A  transformer-coupled  Colpitts  oscillator  is  shown  in 
Figure  18.14.  For  this  circuit,  the  primary  winding  of  7j  is  the  feedback  network  induc¬ 
tance.  Remember  that  the  transformer  reduces  circuit  loading  because  of  the  effects  of  the 
turns  ratio  on  the  reflected  load  impedance. 


Vcc 


FIGURE  18.14  Transformer-coupled  Colpitts  oscillator. 
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Also,  it  is  acceptable  to  use  capacitive  coupling  for  the  Colpitts  oscillator,  as  shown  in 
Figure  18.13,  provided  that  the  following  relationship  is  fulfilled: 

Cc  CT  (18.5) 

where  CT  is  the  total  series  capacitance  of  the  feedback  network.  By  fulfilling  this  relation¬ 
ship,  you  ensure  that  the  reactance  of  the  coupling  capacitor  is  much  greater  than  that  of  the 
series  combination  of  C,  and  C2.  This  prevents  circuit  loading  almost  as  well  as  using  trans¬ 
former  coupling.  At  the  same  time,  the  relatively  high  reactance  of  the  coupling  capacitor  is 
in  series  with  the  load  resistance.  This  causes  a  significant  reduction  in  load  voltage. 

18.4.4  Summary 

The  Colpitts  oscillator  uses  a  pair  of  tapped  capacitors  and  an  inductor  (all  in  its  feedback 
network)  to  produce  the  180°  feedback  phase  shift  required  for  oscillations.  The  fre¬ 
quency  of  operation  for  the  circuit  is  approximately  equal  to  the  resonant  frequency  of  the 
feedback  circuit. 


Section  Review  ► 


Critical  Thinking  ► 


1.  What  is  the  Colpitts  oscillator'! 

2.  Explain  how  the  feedback  network  in  the  Colpitts  oscillator  produces  a  180°  voltage 
phase  shift. 

3.  List  the  key  points  to  remember  about  the  operation  of  the  Colpitts  oscillator. 

4.  How  do  you  calculate  the  value  of  Av  for  a  Colpitts  oscillator? 

5.  Why  is  transformer  coupling  often  used  in  Colpitts  oscillators? 

6.  Identify  the  following  statement  as  true  or  false  and  explain  your  reasoning:  The 
higher  the  Q  of  the  feedback  network  in  Figure  18.13,  the  more  stable  the  oscillator 
output  frequency. 


18.5  Other  LC  Oscillators 


OBJECTIVE  7  ► 


Hartley  oscillator 

An  oscillator  that  uses  a  pair  of 
tapped  inductors  and  a  parallel 
capacitor  in  its  feedback 
network  to  produce  the  180° 
voltage  phase  shift  required  for 
oscillation. 


A  Practical  Consideration: 

Each  circuit  in  Figure  18.15 
contains  a  blocking  capacitor 
(C,).  In  each  case,  the  blocking 
capacitor  is  included  to  keep 
the  RF  choke  (RFC)  and 
feedback  network  inductor  (Lj 
or  TjTftom  shorting  Vpc  to 
ground.  By  design,  the  value  of 

(. ,  is  too  high  to  eonsidi'i  in 

*  ..........  ■  ,v 


Although  the  Colpitts  is  the  most  commonly  used  LC  oscillator,  several  others  are  worth 
mentioning  here.  In  this  section,  we  will  take  a  brief  look  at  three  other  LC  oscillator 
circuits,  starting  with  the  Hartley  oscillator. 


18.5.1  Hartley  Oscillators 


The  Hartley  oscillator  is  almost  identical  to  the  Colpitts  oscillator.  The  primary  differ¬ 
ence  is  that  the  feedback  network  of  the  Hartley  oscillator  uses  tapped  inductors  and  a 
single  capacitor.  Two  Hartley  oscillators  are  shown  in  Figure  18.15. 

For  the  oscillator  in  Figure  18.15a,  the  output  voltage  is  developed  across  Ll  and  the 
feedback  voltage  is  developed  across  L2.  Therefore,  the  attenuation  caused  by  the  feed¬ 
back  network  (a,,)  is  found  as 


(18.6) 


or 


(18.7) 


Since  the  inductors  in  Figure  18.15a  are  in  series,  the  total  inductance  is  found  as 


Lj  —  L\  +  L2 
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This  value  of  LT  is  used  in  the  calculation  of  the  circuit’s  resonant  frequency. 

The  transformer-coupled  Hartley  oscillator  (Figure  18.15b)  uses  a  transformer  with  a 
tapped  primary  to  accomplish  two  things: 

1.  The  transformer  provides  coupling  from  the  circuit  to  the  load. 

2.  The  tapped  primary  forms  the  inductor  pair  for  the  feedback  network. 

For  this  circuit,  the  total  inductance  of  the  primary  is  used  to  calculate  the  circuit’s  oper¬ 
ating  frequency. 


18.5.2  The  Clapp  Oscillator 

The  Clapp  oscillator  is  simply  a  Colpitts  oscillator  with  an  added  capacitor  in  its  feed¬ 
back  network.  This  capacitor  is  included  to  reduce  (or  eliminate)  the  effects  of  junction 
capacitance  on  operating  frequency.  As  shown  in  Figure  18.16,  the  added  capacitor  (C3) 
is  placed  in  series  with  the  inductor. 


Vcc 


FIGURE  18.16  Clapp  oscillator. 


Clapp  oscillator 

A  Colpitts  oscillator  with  an 
added  capacitor  (in  series  with 
the  feedback  inductor)  used  to 
reduce  the  effects  of  transistor 
junction  capacitance. 
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The  potential  effects  of  junction  capacitance  are  illustrated  in  Figure  18.17.  As  shown 
in  that  figure: 

1.  C i  is  in  parallel  with  the  base-emitter  junction  capacitance  (Che)  and  the  Miller 
input  capacitance  (Cin(M)). 

2.  C2  is  in  parallel  with  the  Miller  output  capacitance  (Cout(M)) 

These  junction  capacitances  can  affect  the  operating  frequency  of  the  oscillator. 


FIGURE  18.17 


Junction  capacitances  in  a  Colpitts  oscillator. 


The  Clapp  oscillator  eliminates  the  effects  of  transistor  capacitance  by  adding  the 
capacitor  C3.  This  capacitor  is  normally  much  lower  in  value  than  C,  or  C2.  Because  its 
value  is  so  low,  C3  becomes  the  dominant  component  in  all  frequency  calculations  for  the 
circuit.  For  the  Clapp  oscillator, 


fr 


2ttVlC3 


(18.8) 


You  may  be  wondering  why  Cj  and  C2  are  even  included  in  the  Clapp  oscillator  if  C3 
is  the  dominant  component.  The  answer  to  this  is  simple.  Even  though  the  operating  fre¬ 
quency  of  the  circuit  depends  on  the  value  of  C3,  C,  and  C2  are  still  needed  to  provide  the 
180°  phase  shift  required  for  regenerative  feedback.  C3  does  dot  replace  Cj  and  C2;  it  just 
reduces  the  effect  of  their  values  on  the  operating  frequency.  The  gain  calculations  for  the 
two  circuits  are  identical. 


Armstrong  oscillator 

An  oscillator  that  uses  a 
transformer  in  its  feedback 
network  to  achieve  the  required 
180°  voltage  phase  shift. 


18.5.3  The  Armstrong  Oscillator 

The  Armstrong  oscillator  is  a  simple  (but  effective)  circuit  that  uses  a  transformer  to 
achieve  the  180°  voltage  phase  shift  required  for  oscillations.  As  shown  in  Figure  18.18, 
the  output  from  the  transistor  is  applied  to  the  primary  of  the  transformer  (7j),  and  the 
feedback  signal  is  taken  from  the  secondary.  The  polarity  dots  on  the  transformer  symbol 
indicate  that  there  is  a  180°  voltage  phase  shift  from  primary  to  secondary.  Therefore, 
is  180°  out  of  phase  with  vout.  The  magnitude  of  vf  depends  on  vou,  and  the  turns  ratio  of 
the  transformer.  As  shown  in  Figure  18.18.  the  load  voltage  equals  vf. 

The  capacitor  in  the  output  circuit  (Cj)  is  there  to  provide  the  tuning  of  the  oscillator. 
The  resonant  frequency  of  the  circuit  is  determined  by  the  value  of  C,  and  the  inductance 
of  the  transformer  primary. 
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C2  is  a  blocking  capacitor  used 
to  prevent  the  RFC  Mid  the 

Ty  from  shurtu|i||gg 


18.5.4  One  Final  Note 

You  have  been  introduced  to  several  LC  oscillators,  each  containing  a  BJT.  Any  of  the  LC 
oscillators  we  have  discussed  can  be  made  using  either  an  FET  or  an  op-amp.  For  example, 
consider  the  circuits  shown  in  Figure  18.19.  Figure  18.19a  shows  a  Colpitts  oscillator  that  uti¬ 
lizes  an  op-amp.  Figure  18.19b  shows  an  FET  Hartley  oscillator.  These  circuits  work  accord¬ 
ing  to  the  principles  introduced  in  this  section,  despite  the  changes  in  the  active  components 
used.  Several  other  common  variations  for  the  circuits  covered  in  this  section  are  as  follows: 

1.  There  are  several  two-stage  oscillator  circuits  where  the  feedback  path  is  tied 
between  the  output  of  the  second  stage  and  the  input  of  the  first.  The  principles  of 
operation  for  this  type  of  circuit  are  the  same  as  those  covered  in  this  section. 

2.  Many  of  the  discrete  amplifier  oscillators  covered  in  this  section  can  also  be  con¬ 
structed  using  a  common-base  (or  common-gate)  configuration.  In  this  case,  the 
feedback  network  is  returned  from  the  collector  (or  drain)  to  the  emitter  (or  source). 
The  wiring  of  the  feedback  network  is  modified  so  that  it  produces  a  0°  voltage 
phase  shift.  This  modification,  along  with  the  0°  phase  shift  introduced  by  the  BJT 
(or  FET),  results  in  regenerative  feedback. 


Vqd 


+  1/ 


FIGURE  18.19 
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The  key  to  being  able  to  deal  with  the  various  oscillators  is  to  learn  the  circuit  recogni¬ 
tion  features  of  the  feedback  networks.  For  example,  the  Colpitts  oscillator  has  two 
tapped  capacitors  and  an  inductor  in  the  feedback  network.  Anytime  you  see  an  oscillator 
with  this  configuration,  it  is  a  Colpitts.  It  really  does  not  matter  what  the  active  compo¬ 
nent  is  or  to  which  terminal  the  feedback  network  leads.  If  the  circuit  is  an  oscillator  with 
tapped  capacitors  and  an  inductor  in  the  feedback  network,  it  is  a  Colpitts.  The  recogni¬ 
tion  features  of  the  other  common  LC  oscillators  are  as  follows: 

Oscillator  Type  Recognition  Feature(s) 

Hartley  Tapped  inductors  or  a  tapped  transformer  primary  with  a  single 

parallel  capacitor 

Clapp  Looks  like  a  Colpitts,  with  a  capacitor  added  in  series  with  the  inductor 

Armstrong  A  transformer  with  a  single  parallel  capacitor 

Once  you  have  established  that  a  given  circuit  is  an  oscillator,  just  remember  the 
recognition  features  listed.  They  will  indicate  the  type  of  circuit  you  are  dealing  with. 


Section  Review  ►  1.  Where  are  the  feedback  and  output  voltages  measured  in  the  feedback  network  of  a 

Hartley  oscillator? 

2.  How  does  the  construction  of  the  Clapp  oscillator  differ  from  that  of  the  Colpitts 
oscillator?  What  purpose  does  this  difference  serve? 

3.  How  is  the  required  180°  voltage  phase  shift  accomplished  in  the  feedback  network 
of  an  Armstrong  oscillator? 

4.  List  the  circuit  recognition  features  of  the  LC  oscillators  covered  in  this  section. 


What  is  the  key  to  recognizing 


18.6  Crystal-Controlled  Oscillators 


OBJECTIVE  8  ►  Most  communications  and  digital  applications  require  the  use  of  oscillators  with 
extremely  stable  outputs.  This  requirement  can  pose  a  problem  for  “conventional”  oscilla¬ 
tors,  which  can  experience  output  fluctuations  for  a  variety  of  reasons.  For  example,  the 
Colpitts  oscillator  in  Figure  18.10  can  experience  a  change  in  gain  or  frequency  under  any 
of  the  following  conditions: 

■  The  transistor  is  replaced.  A  replacement  transistor  may  not  have  the  same  ac  emit¬ 
ter  resistance  ( r'e )  as  the  original.  This  can  result  in  a  change  of  voltage  gain  (Av) 
and  the  loop  gain  of  the  circuit  (ctvAv). 

■  A  reactive  component  is  changed.  When  either  an  inductor  or  a  capacitor  is 
changed,  the  output  frequency  may  change,  requiring  one  or  more  frequency 
adjustments. 

■  The  circuit  warms  up.  As  a  circuit  warms  up,  its  resistance  values  can  fluctuate. 
This  can  affect  the  load  on  the  feedback  network,  causing  variations  in  both  fre¬ 
quency  and  amplitude. 


Crystal-controlled  oscillator 

An  oscillator  that  uses  a  quartz 
crystal  to  produce  an  extremely 
stable  output  frequency. 


In  any  system  where  the  stability  of  the  oscillator  is  critical,  the  foregoing  problems 
are  intolerable.  For  these  types  of  applications,  a  crystal-controlled  oscillator  is  nor¬ 
mally  used.  Crystal-controlled  oscillators  have  a  quartz  crystal  that  is  used  to  control  the 
frequency  of  operation.  To  help  you  understand  the  importance  of  the  crystal,  we  will 
take  a  brief  look  at  what  it  is  and  how  it  works. 


Piezoelectric  effect 

The  tendency  of  a  crystal  to 
vibrate  at  a  fixed  frequency 
when  exposed  to  an  electric 
field. 


18.6.1  Crystals 

The  key  to  the  operation  of  a  crystal  is  the  piezoelectric  effect.  This  means  that  the  crystal 
vibrates  at  a  constant  rate  when  it  is  exposed  to  an  electric  field.  The  frequency  of  the 
vibrations  depends  on  the  physical  dimensions  of  the  crystal.  Thus,  it  is  possible  to  produce 
crystals  with  very  exact  frequency  ratings  by  simply  cutting  them  to  the  right  dimensions. 
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Three  commonly  used  crystals  exhibit  a  piezoelectric  effect.  When  one  of  these  crys¬ 
tals  is  placed  between  two  metal  plates,  it  vibrates  at  its  resonant  frequency  as  long  as  a 
voltage  is  applied.  Crystals  can  also  be  made  to  vibrate  by  applying  a  signal  to  them  at  a 
specific  frequency.  When  this  is  done,  the  crystal  vibrates  at  that  frequency. 

The  three  crystals  used  in  oscillators  are  Rochelle  salt,  quartz,  and  tourmaline.  The 
best  of  the  three  is  Rochelle  salt  because  it  has  the  best  piezoelectric  activity.  However,  it 
is  also  the  easiest  to  break.  The  toughest  of  these  crystals  is  tourmaline,  but  this  crystal 
does  not  have  a  very  constant  vibration  rate.  The  quartz  crystal  falls  between  the  two 
extremes:  It  has  a  good  piezoelectric  activity  and  is  strong  enough  to  withstand  the  vibra¬ 
tions.  Quartz  is  also  the  least  expensive  of  the  three  to  use. 


18.6.2  Quartz  Crystals 

A  quartz  crystal  is  made  of  silicon  dioxide,  Si02.  This  is  the  same  compound  used  as  the 
insulating  layer  in  the  gate  of  a  MOSFET.  Quartz  crystals  are  very  common.  They 
develop  as  six-sided  crystals,  as  shown  in  Figure  18.20.  When  used  in  an  electronic  com¬ 
ponent,  a  thin  slice  of  crystal  is  placed  between  two  conducting  plates,  like  those  of  a 
capacitor. 

As  stated  earlier,  the  physical  dimensions  of  a  crystal  determine  its  operating  fre¬ 
quency.  The  only  factor  that  normally  alters  the  physical  dimensions  of  a  crystal  (and, 
thus,  its  operating  frequency)  is  temperature.  However,  using  cooling  methods  to  hold  the 
crystal  temperature  constant  eliminates  this  potential  problem. 

The  electrical  operation  of  the  crystal  is  based  on  its  mechanical  properties.  However, 
we  can  still  represent  the  crystal  with  an  equivalent  circuit,  as  shown  in  Figure  1 8.21 .  Fig¬ 
ure  18.21a  shows  the  schematic  symbol  for  the  crystal.  The  equivalent  circuit  for  the 
device  is  shown  in  Figure  18.21b.  The  components  shown  represent  specific  characteris¬ 
tics  of  the  crystal  as  follows: 

Cc  =The  capacitance  of  the  crystal  itself 

CM  =  the  mounting  capacitance  (the  capacitance  between  the  crystal  and 
the  parallel  conducting  plates  that  hold  it) 

L  =  the  inductance  of  the  crystal 
R  =  the  resistance  of  the  crystal 


(b)  Equivalent  circuit  (c)  Frequency-response  curve 

FIGURE  18.21  Crystal  symbol,  equivalent  circuit,  and  frequency  response. 

The  graph  in  Figure  18.21c  appears  strange  at  first,  but  it  tells  us  quite  a  bit  about  the 
crystal.  At  the  low-frequency  end  of  the  curve,  the  impedance  of  the  crystal  is  controlled 
by  the  extremely  high  reactances  of  CM  and  Cc.  As  frequency  increases,  the  combination 
of  Cc  and  L  approaches  resonance.  At  the  series-resonant  frequency  of  the  crystal  (fj, 
the  crystal  reactance  drops  to  near  zero,  and  the  total  crystal  impedance  equals  R. 
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FIGURE  18.20  Quartz  crystal. 


A  Practical  Consideration: 
There  is  only  a  slight  difference 
between  the  values  of fs  and  fp 
for  a  given  crystal.  The  space 
left  between  these  frequencies 
it?  Figure  18.21c  is  for 
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When  the  frequency  increases  beyond  fs,  the  net  reactance  rapidly  increases.  At  the 
same  time,  the  combination  of  CM  and  L  approaches  resonance.  At  the  parallel-resonant 
frequency  ( fp ),  the  impedance  of  the  crystal  approaches  infinity.  At  frequencies  above/),, 
the  continuing  drop  in  the  reactance  of  CM  causes  the  crystal  impedance  to  drop  off.  The 
bottom  line  of  all  this  is  as  follows: 

1.  At/),  the  crystal  acts  as  a  series-resonant  circuit. 

2.  At/),,  the  crystal  acts  as  a  parallel-resonant  circuit. 

This  means  that  we  can  use  a  crystal  in  place  of  either  a  series  LC  circuit  or  a  parallel 
LC  circuit.  If  we  use  it  in  place  of  a  series  LC  circuit,  the  oscillator  operates  at  fs.  If  we 
use  it  in  place  of  a  parallel  LC  circuit,  the  oscillator  operates  at/),. 


18.6.3  Overtone  Mode 


Fundamental  frequency 

The  resonant  frequency  of  a 
crystal  or  circuit. 

Overtone 

Another  word  for  harmonic. 

Overtone  mode 

An  operating  mode  where  a 
circuit  is  tuned  to  a  harmonic  of 
a  fundamental  frequency  for  the 
purpose  of  producing  a  higher 
output  frequency. 


A  given  crystal  produces  outputs  at  its  resonant  frequency  and  harmonics  of  that  fre¬ 
quency.  The  resonant  frequency  is  sometimes  referred  to  as  the  fundamental  frequency, 
while  the  harmonics  are  sometimes  referred  to  as  overtones.  (You  were  first  introduced 
to  the  concept  of  harmonics  in  our  discussion  on  class  C  amplifiers.) 

Crystals  are  limited  by  their  physical  dimensions  to  fundamental  outputs  of  10  MHz 
and  less.  However,  by  tuning  circuits  to  the  overtones,  we  can  produce  usable  signals  at 
much  higher  frequencies.  For  example,  tuning  a  circuit  to  the  tenth  harmonic  of  a  10  MHz 
crystal  produces  a  relatively  stable  100  MHz  signal.  This  overtone  mode  of  operation  is 
commonly  used  in  digital  and  communications  electronics. 

18.6.4  CCO  Circuits 

The  Colpitts  oscillator  can  be  modified  into  a  crystal-controlled  oscillator  (CCO),  as 
shown  in  Figure  18.22.  As  you  can  see,  a  crystal  (TO  has  been  added  in  series  between 
the  LC  circuit  and  the  amplifier  input.  The  crystal  acts  as  a  series-resonant  circuit  (at/s), 
allowing  the  feedback  voltage  to  pass  to  the  amplifier  input  with  minimum  attenuation.  In 
other  words,  when  operated  at  fs,  the  impedance  of  the  crystal  drops  to  nearly  zero,  and 
the  LC  circuit  is  coupled  directly  to  the  amplifier  input. 

The  frequency  stability  of  the  CCO  comes  from  the  extremely  high  Q  of  £he  crystal, 
which  is  typically  in  the  thousands.  Because  of  this  high  Q,  the  component  acts  as  a  series 
resonant  circuit  over  an  extremely  limited  band  of  frequencies.  Thus,  the  circuit  can  oscil¬ 
late  only  at  the  value  of  fs,  and  the  circuit  output  frequency  is  extremely  stable.  Note  that 
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FIGURE  18.22  Crystal-controlled  Colpitts  oscillator. 
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placing  a  crystal  in  the  same  relative  position  in  the  Hartley  or  Clapp  oscillators  has  the 
same  result. 

The  simplest  of  the  crystal  oscillators  is  the  Pierce  oscillator,  shown  in  Figure  18.23. 
It  has  only  four  components  and  a  crystal.  This  oscillator  is  not  highly  stable,  but  its  sim¬ 
plicity  has  kept  it  around  for  years. 


+  '/DD 


FIGURE  18.23  Pierce  oscillator. 


1.  What  is  a  crystal-controlled  oscillator ?  ◄  Section  Review 

2.  What  is  the  piezoelectric  effect ? 

3.  Explain  how  a  crystal  will  act  as  a  series  resonant  circuit  at  one  frequency  (fs)  and  as 
a  parallel  resonant  component  at  another  ( fp ). 

4.  Explain  how  the  addition  of  a  crystal  to  an  LC  oscillator  stabilizes  the  operating  fre¬ 
quency  of  the  circuit. 

5.  What  prevents  the  circuit  shown  in  Figure  18.22  from  operating  at  the  parallel-  ◄  Critical  Thinking 
resonant  frequency  of  the  crystal  (  fp)1 


18.7  Oscillator  Troubleshooting 


Of  all  the  circuits  we  have  discussed,  oscillators  can  be  the  most  challenging  and  time-  ◄  OBJECTIVE  9 
consuming  circuits  to  troubleshoot.  The  reason  is  simple:  With  the  exception  of  the  bias¬ 
ing  resistors,  every  component  is  directly  involved  in  producing  the  output  signal.  If  any 
one  of  these  components  fails,  nothing  works.  For  example,  refer  to  Figure  18.14. 

Whether  a  failure  of  the  circuit  is  caused  by  the  coupling  capacitor,  C2,  Tu  or  C](  the 
results  are  exactly  the  same:  The  oscillator  does  not  have  an  output. 

As  with  any  circuit,  you  start  to  troubleshoot  an  oscillator  by  making  sure  that  it  is  the 
source  of  the  problem.  If  the  circuit  does  not  have  an  output,  check  the  power  supply  con¬ 
nections  in  the  circuit.  If  there  is  no  problem  here,  the  oscillator  has  a  fault.  (You  do  not 
need  to  check  the  oscillator’s  signal  source — it  doesn’t  have  one.) 

When  you  have  verified  that  an  oscillator  is  bad,  there  are  a  few  points  to  remember 
that  may  make  the  troubleshooting  process  go  a  little  more  smoothly: 

1.  Remember  that  for  dc  analysis,  the  oscillator  is  biased  like  any  other  type  of  ampli¬ 
fier.  Thus,  your  approach  to  dc  troubleshooting  should  be  the  same  as  it  is  for  any 
amplifier  with  the  same  biasing  circuit. 

2.  In  the  case  of  the  oscillator,  it  is  often  faster  (and,  therefore,  less  costly)  to  go  ahead 
and  replace  the  reactive  components  in  the  feedback  network. 
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A  Practical  Consideration: 
Most  oscillators  contain  one  or 
more  variable  components  for 
output  tuning.  When  you 
replace  any  component  in  the 
circuit,  >011  must  check  tM 
<  input  Itequer^v  and,  it 


If  circumstances  require  you  to  test  the  components  in  the  feedback  network,  use  an  ana¬ 
log  VOM  (set  as  an  ohmmeter)  to  test  them,  keeping  in  mind  the  following: 

1.  A  good  capacitor  initially  provides  a  low  resistance  reading.  As  the  ohmmeter 
charges  the  capacitor,  its  resistance  reading  increases  toward 00  ft. 

2.  Inductors  always  provide  low  resistance  readings. 

3.  When  a  transformer  is  used  (as  in  Figure  18.14),  you  should  obtain  a  low  resistance 
reading  across  the  primary  terminals  and  the  secondary  terminals.  However,  you 
should  obtain  a  very  high  resistance  reading  from  either  primary  terminal  to  either 
secondary  terminal. 


If  you  decide  to  go  the  component-replacement  (or  swapping)  route,  replace  the  reac¬ 
tive  components  one  at  a  time.  After  you  replace  each  component,  apply  power  to  the  cir¬ 
cuit  and  retest  its  operation.  When  the  circuit  starts  to  operate  at  the  proper  frequency, 
your  task  is  complete. 


Section  Review  ► 


1.  Why  are  oscillators  difficult  to  troubleshoot? 

2.  What  points  should  be  remembered  when  troubleshooting  an  oscillator? 

3.  When  testing  the  reactive  components  in  an  oscillator,  what  points  should  be  kept 
in  mind? 


CHAPTER  SUMMARY 

Here  is  a  summary  of  the  major  points  made  in  this  chapter: 

1.  An  oscillator  is  an  ac  signal  generator. 

2.  A  positive-feedback  network  produces  a  feedback  voltage  (vy)  that  is  in  phase  with 
the  amplifier  input.  Positive  feedback  can  be  accomplished  using: 

a.  An  amplifier  and  feedback  network  that  each  produce  a  180°  voltage  phase  shift, 
for  a  360°  total  phase  shift. 

b.  An  amplifier  and  a  feedback  network  that  each  produce  a  0°  phase  shift. 

The  feedback  network  generates  the  input  for  the  amplifier,  which  in  turn  generates 
an  input  to  the  feedback  network.  For  this  reason,  positive  feedback  is  referred  to  as 
regenerative  feedback. 

3.  For  an  oscillator  to  operate  properly: 

a.  The  circuit  must  have  a  positive  (regenerative)  feedback  loop. 

b.  The  circuit  must  receive  an  initial  trigger  to  begin  the  oscillations. 

c.  The  circuit  must  fulfill  the  Barkhausen  criterion. 

4.  The  Barkhausen  criterion  states  that  the  amplifier  and  feedback  network  must  fulfill 
the  relationship  a,Av  =  1. 

a.  When  a VA„  <  1,  the  output  from  an  oscillator  fades  out  within  a  few  cycles. 

b.  When  a „AV  >  1,  an  oscillator  drives  itself  into  saturation  and  cutoff  clipping. 

The  effects  of  atA,,  on  oscillator  operation  are  illustrated  in  Figure  18.3. 

5.  A  phase-shift  oscillator  can  be  made  using  an  inverting  amplifier  with  a  series  of 
RC  circuits  in  its  feedback  path  (see  Figure  18.4). 

a.  The  inverting  amplifier  produces  a  180°  voltage  phase  shift. 

b.  The  RC  circuits  combine  to  produce  a  180°  voltage  phase  shift. 

c.  The  two  180°  voltage  phase  shifts  result  in  an  overall  360°  shift,  which  by  defin¬ 
ition  is  regenerative  feedback. 

6.  Oscillator  stability  is  a  measure  of  the  circuit’s  ability  to  maintain  constant  output 
amplitude  and  frequency. 

7.  Phase-shift  oscillators  are  rarely  used  because  of  frequency  stability  problems. 

8.  A  three-stage  amplifier  can  (inadvertently)  act  as  a  phase-shift  oscillator  (see  Figure 
18.5).  Oscillations  in  an  amplifier  (like  the  one  in  Figure  18.5)  can  be  prevented 
using: 

a.  A  regulated  dc  power  supply. 

b.  A  decoupling  capacitor  connected  across  the  dc  power  supply. 
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9.  In  practice,  the  value  of  a^v  for  an  oscillator  must  be  slightly  greater  than  1  to 
make  up  for  the  power  lost  during  each  cycle  of  operation. 

10.  The  Wien-bridge  oscillator  is  an  op-amp  circuit  that  achieves  regenerative  feedback 
by  producing  no  phase  shift  at  its  resonant  frequency  (/r)  (see  Figure  18.6). 

a.  The  feedback  signal  is  applied  to  its  noninverting  input,  so  the  op-amp  does  not 
produce  a  voltage  phase  shift. 

b.  The  RC  circuits  in  the  signal  feedback  path  do  not  produce  a  voltage  phase  shift. 

11.  The  Wien-bridge  oscillator  has  two  feedback  paths. 

a.  The  positive-feedback  path  is  a  band-pass  filter  that  sets  the  frequency  of  opera¬ 
tion  (see  Figure  18.7). 

b.  The  negative-feedback  path  controls  the  gain  of  the  op-amp. 

12.  Potentiometers  are  often  added  to  the  positive-feedback  network  of  a  Wien-bridge 
oscillator  for  adjusting  the  operating  frequency  (see  Figure  1 8.9). 

13.  The  negative-feedback  network  of  a  Wien-bridge  oscillator  may  contain  a  poten¬ 
tiometer  and  several  diodes  (see  Figure  18.9). 

a.  The  potentiometer  is  used  to  adjust  the  gain  of  the  op-amp. 

b.  The  diodes  limit  the  output  amplitude  by  reducing  the  circuit  voltage  gain  (ACL) 
if  the  output  exceeds  a  specified  value. 

14.  Op-amp  oscillators  are  limited  to  frequencies  below  approximately  1  MHz  because 
of  the  propagation  delay  of  the  component. 

15.  The  Colpitts  oscillator  is  a  discrete  LC  amplifier  that  uses  a  pair  of  tapped  capaci¬ 
tors  and  an  inductor  to  produce  a  180°  voltage  phase  shift  in  the  feedback  network 
(see  Figure  18.10). 

a.  Cj  is  the  output  capacitor.  (The  output  voltage  is  felt  across  this  component). 

b.  C2  is  the  feedback  capacitor.  (The  feedback  voltage  is  felt  across  this  component). 

c.  The  voltages  across  Cj  and  C2  are  1 80°  out  of  phase. 

16.  The  attenuation  factor  (otv)  of  the  feedback  network  equals  the  ratio  of  the  output 
capacitor  to  the  feedback  capacitor. 

17.  The  voltage  gain  (Av)  equals  the  ratio  of  the  feedback  capacitor  to  the  output  capacitor. 

18.  The  Hartley  oscillator  is  a  variation  on  the  Colpitts.  It  uses  a  pair  of  tapped  induc¬ 
tors  and  a  single  capacitor  in  its  feedback  network  to  produce  the  180°  voltage 
phase  shift  required  for  regenerative  feedback  (see  Figure  18.1 5). 

19.  The  attenuation  factor  (av)  of  the  Hartley  oscillator  equals  the  ratio  of  the  feedback 
inductor  (L2)  to  the  output  inductor  (L{). 

20.  The  Clapp  oscillator  is  a  Colpitts  oscillator  with  an  added  capacitor  that  is  used  to 
reduce  the  effects  of  transistor  junction  capacitance. 

a.  The  transistor  junction  capacitances  are  in  parallel  with  the  output  and  feed¬ 
back  capacitors  and,  therefore,  can  affect  the  operating  frequency  (see  Figure 
18.17). 

b.  A  low-value  capacitor  is  added  in  series  with  the  inductor.  This  capacitor  (along 
with  the  inductor)  determines  the  circuit  operating  frequency. 

21.  An  Armstrong  oscillator  uses  a  transformer  in  its  feedback  network  to  achieve  the 
180°  voltage  phase  shift  required  for  regenerative  feedback  (see  Figure  18.18). 

a.  The  output  from  the  transistor  is  applied  to  the  transformer  primary. 

b.  The  feedback  signal  is  taken  from  the  transformer  secondary. 

c.  The  transformer  produces  a  180°  voltage  phase  shift,  so  the  feedback  voltage  is 
180°  out  of  phase  with  the  amplifier  output  voltage. 

22.  Any  of  the  LC  oscillators  covered  can  be  built  around  an  FET  or  an  op-amp.  The 
key  to  recognizing  an  oscillator  lies  in  the  feedback  network. 

23.  LC  oscillators  are  not  stable  enough  for  many  communications  and  digital 
applications. 

a.  Replacing  the  active  component  can  affect  the  gain  of  the  circuit. 

b.  Replacing  any  reactive  component  in  the  feedback  network  can  affect  the  operat¬ 
ing  frequency. 

c.  Changes  in  temperature  can  affect  both  gain  and  operating  frequency. 

24.  A  crystal-controlled  oscillator  uses  a  quartz  crystal  to  produce  an  extremely  stable 
output  frequency. 
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25.  The  piezoelectric  effect  is  the  tendency  of  a  crystal  to  vibrate  at  a  fixed  frequency 
when  exposed  to  an  electric  field.  Three  commonly  used  crystals  exhibit  this  effect: 

a.  Rochelle  salt  exhibits  the  strongest  piezoelectric  effect,  but  it  is  the  easiest  to  break. 

b.  Tourmaline  has  a  very  strong  structure,  but  it  has  problems  with  frequency  stability. 

c.  Quartz  fails  between  the  other  two  crystals.  It  is  strong  and  vibrates  at  extremely 
stable  frequencies. 

26.  A  quartz  crystal  is  made  of  silicon  dioxide  (Si02),  the  same  material  used  as  the 
insulating  layer  in  MOSFET  gates  (see  Figure  18.20). 

27.  A  quartz  crystal  has  two  resonant  frequencies:  a  series-resonant  frequency  ( fs )  and 
a  parallel-resonant  frequency  ( fp )  (see  Figure  18.21). 

a.  There  is  little  difference  between  the  values  of  fs  and  /',. 

b.  A  quartz  crystal  can  be  used  as  either  a  series  or  a  parallel  resonant  circuit. 

c.  When  used  in  place  of  a  series  LC  circuit,  the  crystal  operates  at/). 

d.  When  used  in  place  of  a  parallel  LC  circuit,  the  crystal  operates  at  fp. 

28.  A  given  crystal  produces  outputs  at  its  resonant  frequency  and  multiples  of  that 
frequency. 

a.  The  resonant  frequency  is  called  the  fundamental  frequency. 

b.  The  harmonics  are  often  referred  to  as  overtones. 

29.  Overtone  mode  operation  involves  using  tuned  circuits  to  select  and  amplify  a 
harmonic  produced  by  a  crystal,  producing  stable  oscillations  at  the  harmonic 
frequency. 

30.  Any  LC  oscillator  can  be  converted  to  a  crystal-controlled  oscillator  (CCO)  by 
adding  a  crystal  to  the  feedback  network  (see  Figure  18.22). 

31.  The  Pierce  oscillator  is  the  simplest  CCO  (see  Figure  18.23). 

32.  Oscillators  can  be  the  most  challenging  and  time-consuming  circuits  to  troubleshoot. 

a.  Except  for  the  biasing  resistors,  all  components  are  directly  involved  in  produc¬ 
ing  the  output  signal. 

b.  All  component  failures  have  the  same  primary  symptom:  The  circuit  has  no 
output  signal  and,  therefore,  no  input  signal. 

c.  The  approach  to  troubleshooting  the  dc  biasing  circuit  should  be  the  same  as  the 
approach  you  would  take  for  any  amplifier  having  the  same  biasing  circuit. 

d.  When  the  dc  biasing  circuit  is  good,  it  is  often  faster  (and,  therefore,  cheaper) 
simply  to  replace  all  the  components  in  the  feedback  network. 


Equation  Number 

Equation 

Section  Number 

(18.1) 

a  VAV  —  1 

18.1 
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KEY  TERMS 


~  PRACTICE  PROBLEMS 

Section  18.3 

1.  Calculate  the  operating  frequency  of  the  circuit  shown  in  Figure  18.24. 


R4 


FIGURE  18.24 

2.  Calculate  the  operating  frequency  of  the  circuit  shown  in  Figure  18.25. 

Section  18.4 

3.  Calculate  the  operating  frequency  for  the  circuit  shown  in  Figure  18.26. 

4.  Calculate  the  value  of  av  for  the  circuit  shown  in  Figure  18.27. 

5.  A  circuit  like  the  one  shown  in  Figure  18.26  has  values  of  C,  =  10  nF,  C2  =  1  |xF, 

and  Lx  =  3.3  mH.  Calculate  the  operating  frequency,  the  value  of  av,  and  the  value 

of  Av  for  the  circuit. 

6.  A  circuit  like  the  one  shown  in  Figure  18.26  has  values  of  Cx  =  1  p,F,  C2  =  10  p.F, 

and  Li  =  3.3  mH.  Calculate  the  operating  frequency,  the  value  of  av,  and  the  value 

of  Av  for  the  circuit. 

7.  A  circuit  like  the  one  shown  in  Figure  18.26  has  values  of  C,  =  0.22  p.F,  C2  =  3.3  |xF, 
and  Li  =  330  p,H.  Calculate  the  operating  frequency,  the  value  of  a„,  and  the  value 
of  Av  for  the  circuit. 

Section  18.5 

8.  Calculate  the  operating  frequency,  the  value  of  av,  and  the  value  of  Av  for  the  circuit 
shown  in  Figure  18.27. 

9.  A  circuit  like  the  one  shown  in  Figure  18.27  has  values  of  Lx  =  0.1  H,  I2  =  1  mH, 
and  C{  =  22  nF.  Calculate  the  operating  frequency,  the  value  of  av,  and  the  value  of 
Av  for  the  circuit. 
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PRACTICE  PROBLEMS 


fl4 


FIGURE  18.25 


vcc 


FIGURE  18.26 

10.  For  the  circuit  shown  in  Figure  18.28,  calculate  the  operating  frequency,  the  value  of 
a„,  and  the  value  of  Av. 

11.  A  circuit  like  the  one  shown  in  Figure  18.28  has  values  of  Cj  =  0.1  p,F,  C2  =  1  pF, 
C3  =  100  pF,  and  L  =  3.3  mH.  Calculate  the  operating  frequency,  the  value  of  av, 
and  the  value  of  Av  for  the  circuit. 


12.  The  circuit  shown  in  Figure  18.29  does  not  oscillate.  A  check  of  the  dc  voltages  pro¬ 
vides  the  readings  indicated.  Discuss  the  possible  cause(s)  of  the  problem. 

13.  The  circuit  shown  in  Figure  18.30  does  not  oscillate.  A  check  of  the  dc  voltages 
provides  the  readings  indicated.  Discuss  the  possible  cause(s)  of  the  problem. 
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PUSHING  THE  ENVELOPE 


15.  Refer  to  Figure  18.27.  Use  circuit  calculations  to  show  that  the  circuit  fulfills  the 
Barkhausen  criterion. 

16.  Despite  its  appearance,  you’ve  already  seen  the  dc  biasing  circuit  shown  in  Figure 
18.32.  Determine  the  type  of  biasing  used,  and  perform  a  complete  dc  analysis  of 
the  oscillator. 


+20  V 


17.  The  feedback  inductor  in  Figure  18.32  is  shown  to  be  a  variable  inductor.  Determine 
the  adjusted  value  of  L  that  would  be  required  for  an  operating  frequency  of  22  kHz. 


18.  Write  a  program  to  determine  the  operating  frequency  of  a  Wien-bridge  oscillator 
given  the  positive  feedback  values  of  R  and  C. 

19.  Write  a  program  to  determine  the  operating  frequency  and  otv  values  for  a  Colpitts 
oscillator  given  the  feedback  network  values  of  L  and  C. 


18.1  av  =  6.7  X  10  3  (for  both  solutions) 


SUGGESTED  COMPUTER 

APPLICATIONS 

PROBLEMS 


ANSWER  TO  THE 
EXAMPLE  PRACTICE 
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Solid-State 
Switching  Circuits 


Objectives 

After  studying  the  material  in  this  chapter,  you  should  be  able  to: 

1.  Describe  and  analyze  the  operation  of  the  basic  BJT,  JFET,  and  MOSFET  switches. 

2.  List  the  common  time  and  frequency  characteristics  of  rectangular  waveforms  and 
describe  how  each  is  measured. 

3.  List  and  describe  the  factors  that  affect  BJT  and  FET  switching  time. 

4.  Discuss  the  methods  used  to  improve  the  switching  times  of  basic  BJT  and  FET  circuits. 

5.  Compare  and  contrast  the  time  measurement  techniques  for  inverters  and  buffers. 

6.  Describe  and  analyze  the  operation  of  inverting  Schmitt  triggers  and  noninverting  Schmitt 
triggers. 

7 .  List  and  describe  the  output  characteristics  of  the  three  types  of  multivibrators. 

8.  Describe  the  internal  construction  and  operation  of  the  555  timer. 

9.  Describe,  analyze,  and  troubleshoot  555  timer  astable  and  monostable  multivibrators. 

10.  Describe  the  operation  of  the  555  timer  voltage-controlled  oscillator  ( VCO ). 


Outline 

19.1  Introductory  Concepts 

19.2  Basic  Switching  Circuits:  Practical  Considerations 

19.3  Schmitt  Triggers 

19.4  Multivibrators:  The  555  Timer 
Chapter  Summary 
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Solid-state  switching  circuits  are  the  fundamental  compo¬ 
nents  of  modern  computer  systems.  It  seems  appropriate 
then  that  we  should  take  a  minute  to  look  at  the  effects  that 
developments  in  solid-state  electronics  have  had  on  the  digi¬ 
tal  computer. 

The  first  general-purpose  digital  computer,  called 
ENIAC,  was  developed  in  the  1940s  at  the  University  of 
Pennsylvania.  This  computer  was  just  about  as  large  as  a 
small  building,  weighed  about  50  tons,  and  contained 
more  than  18,000  vacuum  tubes.  As  the  story  is  told,  sev¬ 
eral  college  students  spent  their  days  running  around  the 
computer  shop  with  shopping  carts  full  of  vacuum 
tubes  because  ENIAC  burned  out  several  tubes  each  hour. 
Amazingly,  ENIAC  was  capable  of  doing  less  than  your 
calculator. 


When  the  first  transistor  computer  circuits  were  devel¬ 
oped,  the  minicomputer  was  born.  Minicomputers  were  capa¬ 
ble  of  performing  more  advanced  functions  and  were  much 
smaller  than  any  vacuum  tube  computer. 

The  development  of  the  solid-state  microprocessor,  a  com¬ 
plete  data-processing  unit  constructed  on  a  single  chip,  in 
the  1970s  led  to  the  birth  of  the  microcomputer.  Since  the 
birth  of  the  microcomputer,  computers  have  been  accessible 
and  affordable  for  almost  everyone. 

One  interesting  point:  As  computer  chips  became  smaller 
and  more  powerful,  they  also  became  much  less  expensive.  It 
has  been  said  that  if  automobiles  had  gone  through  the 
same  evolution  as  computers,  you  could  now  buy  a  Rolls 
Royce  for  less  than  $25.00.  Of  course,  the  car  would  be 
smaller  than  a  pencil  eraser! 


Switching  circuits 

Circuits  designed  to  respond  to 
(or  generate)  nonlinear 
waveforms,  such  as  square 
waves.  _  _ _ 


Throughout  the  text,  we  have  concentrated  almost  entirely  on  the  linear  operation  of 
solid-state  devices  and  circuits.  Another  important  aspect  of  solid-state  electronics  is  the 
way  in  which  devices  and  circuits  respond  to  nonlinear  waveforms,  such  as  square 
waves.  Circuits  designed  to  respond  to  (or  generate)  nonlinear  waveforms  are  referred  to 
as  switching  circuits.  In  this  chapter,  we  will  discuss  the  most  basic  switching  circuits. 
As  you  will  see,  these  circuits  are  viewed  quite  differently  from  linear  circuits.  They  are 
also  easier  to  understand  and  troubleshoot. 


19.1  Introductory  Concepts 


For  you  to  understand  some  of  the  more  complex  switching  circuits,  you  must  be  com¬ 
fortable  with  the  idea  of  using  a  BJT,  FET,  or  MOSFET  as  a  switch.  In  this  section,  we 
will  discuss  some  of  the  switching  characteristics  of  discrete  solid-state  devices. 


19.1.1  The  BJT  as  a  Switch 

OBJECTIVE  1  ►  A  BJT  can  be  used  as  a  switch  simply  by  driving  the  component  back  and  forth  between 
saturation  and  cutoff.  A  basic  transistor  switching  circuit  is  shown  in  Figure  19.1a.  As  the 
figure  shows,  a  rectangular  input  produces  a  rectangular  output.  This  relationship  is  easy 
to  understand  if  you  refer  to  the  dc  load  line  shown  in  Figure  19.1b. 

When  the  input  to  the  transistor  is  at  —  Vpk,  the  emitter-base  junction  of  the  transis¬ 
tor  is  biased  off.  When  the  transistor  is  biased  off,  the  following  (ideal)  conditions 
exist: 


Vce  ~  Vcc  ar*d  Ic  ~  0 


Ideal  cutoff  conditions  are 
similar  to  those  of  mopen 


As  Figure  19.2  shows,  these  conditions  can  be  represented  using  an  open  switch. 

When  the  input  to  the  transistor  is  at  +  Vpk,  current  is  generated  in  the  base  circuit. 
Assuming  that  the  value  of  1B  is  high  enough,  the  transistor  is  driven  into  saturation. 
When  the  transistor  saturates,  the  following  (ideal)  conditions  exist: 


Ideal  saturation  conditions  are 
similar  to  those  of  a  closed 
....  .  . . .. . 


ycE 


0  V  and  Ic  - 


v  cc 


Rc 


As  Figure  19.2  shows,  these  conditions  can  be  represented  using  a  closed  switch. 
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Some  assumptions  were  made  about  the  circuit  shown  in  Figure  19.1  to  simplify  the 
discussion.  These  assumptions  are: 


1.  —  Vpk  is  low  enough  to  drive  Qt  into  cutoff. 

2.  +  Vpk  generates  sufficient  base  current  to  drive  Qx  into  saturation. 

3.  The  transistor  is  an  ideal  component. 


In  practice,  the  value  of  -  Vpk  must  be  equal  to  (or  more  negative  than)  the  emitter  supply 
voltage  (VEE)  to  ensure  that  Q,  is  driven  into  cutoff.  Since  the  emitter  in  Figure  19.1  is 
returned  to  ground,  VEE  is  0  V.  Therefore,  a  value  of  —  Vpk  that  is  equal  to  (or  more  nega¬ 
tive  than)  0  V  ensures  that  the  transistor  is  driven  into  cutoff. 

The  high  input  voltage  (+ Vpk)  must  drive  the  transistor  into  saturation.  In  practice,  this 
can  be  accomplished  by: 


1.  Designing  the  circuit  so  that  +  Vpk  =  V, 


cc- 


C(sat) 


2.  Using  a  value  of  RB  that  is  low  enough  to  ensure  that  IB  >  — 

hpE 

Example  19.1  uses  several  relationships  from  Chapter  7  to  show  how  meeting  these  con¬ 
ditions  ensures  that  a  B JT  is  saturated  when  +  Vpk  is  applied  to  its  input. 


Practical  input  signal 
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FIGURE  19.2  The  "open"  and  "dosed"  transistor  switch. 

EXAMPLE  19,1 _ _ _ 

Determine  the  minimum  high  input  voltage  (+Vpk)  required  to  saturate  the  transis¬ 
tor  switch  shown  in  Figure  19.3. 


+12  V 


FIGURE  19.3 


Solution:  Assuming  that  the  transistor  is  an  ideal  component  (VCE  —  0  V  at  satu¬ 
ration),  the  value  of  /C(sat)  is  found  as 


'C(sat) 


Vcc 

Rc 


12  V 

1.2  kO 


=  10  mA 


As  shown,  the  value  of  hFE  for  the  transistor  is  100  when  Ic  equals  10  mA.  Using 
this  value,  the  base  current  required  to  set  /C(sat)  equal  to  10  mA  is  found  as 


In  = 


7  C\sal) 


10  mA 
100 


100  jxA 
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In  Chapter  7,  you  learned  that  the  base  current  generated  in  a  base  bias  circuit  is 
found  as 


the  above  equation  as  follows: 


Vcc  VBE 

4  Rs 

Figure 

19.3  is  found  by 

+yPk-  vBE 

h  ~ 

Rb 

i  as 

+  Vpk 

~  IbRb  +  VBE 

Using  IB  =  100  p,A  and  RB  =  47  kfl,  the  minimum  value  of  +  Vpk  required  to  satu¬ 
rate  the  transistor  is  found  as 


A  Practical  Consideration: 

A  circuit  like  the  one  shown  in 
Figure  19.3  must  be  designed  so 
that  the  collector  current  never 
meets  or  exceeds  the  /C(roax) 
rating  of  the  BJT.  As  long  as 


+Vpk  =  +  VBE  =  (100  p,A)(47  kO)  +  0.7  V 

=  4.7  V  +  0.7  V  =  5.4  V 


Since  a  value  of  +  Vpk  =  5.4  V  is  sufficient  to  saturate  the  transistor,  setting  the 
value  of  +  Vpk  equal  to  Vcc  is  more  than  enough  to  do  the  trick. 

Practice  Problem  19.1 

A  BJT  switch  like  the  one  in  Figure  19.3  has  the  following  values:  Vcc  =  +10  V, 
Rc  =  1  kft,  RB  =  51  kO,  and  hFE  =  70  at  Ic  =  10  mA.  Determine  the  minimum 
value  of  +  Vpk  required  to  saturate  the  transistor. 


In  our  discussion,  we  have  assumed  that  the  transistor  is  an  ideal  component;  that  is, 
we  have  assumed  that  VCE  =  Vcc  when  the  transistor  is  in  cutoff  and  that  Vce  —  0  V 
when  the  transistor  is  saturated.  In  practice,  the  outputs  from  a  transistor  switch  typically 
fall  within  the  following  ranges: 

Condition  Output  Voltage  (VCE)  Range  What  are  the  practical  output 

Cutoff  Within  1 V  of  Vcc 

Saturation  Between  0.2  and  0.4  V 


When  a  transistor  is  in  cutoff,  there  is  still  some  leakage  current  through  the  compo¬ 
nent.  This  leakage  current  causes  some  voltage  to  be  dropped  across  the  collector  resistor. 
Thus,  the  output  voltage  is  slightly  lower  than  Vcc.  When  the  transistor  is  saturated,  you 
still  have  some  voltage  developed  across  the  internal  resistance  of  the  component.  Thus, 
the  output  is  slightly  greater  than  0  V.  However,  the  range  of  output  voltages  for  a  satu¬ 
rated  transistor  is  so  low  (when  compared  to  the  value  of  Vcc)  that  we  can  easily  idealize 
the  situation  and  say  that  the  output  equals  0  V. 


19.1.2  The  JFET  as  a  Switch 


The  basic  JFET  switch  differs  from  the  BJT  switch  in  a  couple  of  ways: 

1.  A  typical  JFET  switch  has  much  higher  input  impedance. 

2.  A  negative  input  rectangular  wave  (or  pulse )  to  an  n-channel  JFET  is  used  to  pro¬ 
duce  a  positive  output  pulse. 


What  are  die  differences 
between  BJT  and  JFET 


Both  of  these  points  are  illustrated  in  Figure  19.4.  The  high  input  impedance  of  the  JFET 
switch  is  due  to  the  relatively  high  value  of  RG  (typically  in  megohms)  and  the  extremely 
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FIGURE  19.4  A  JFET  switch. 


high  input  impedance  of  the  JFET  gate.  For  the  circuit  shown  in  Figure  19.4,  the  input 
impedance  of  the  switch  equals  the  value  of  Rc. 

To  understand  the  input/output  voltage  relationship  of  the  circuit,  we  need  to  refer  to 
the  transconductance  curve  shown  in  Figure  19.4.  Recall  that  ID  reaches  its  maximum 
value  (IDSS)  when  VGS  =  0  V.  Thus,  when  the  input  is  at  0  V,  the  JFET  current  reaches  its 
maximum  value,  and  the  output  is  found  as 


Ecu,  —  Kdc  ~  IdssRd 


Assuming  that  the  value  of  RD  has  been  selected  properly,  the  output  from  the  JFET 
switch  is  approximately  0  V  when  the  input  is  at  0  V. 

When  the  input  goes  to  -  Vpk,  the  current  through  the  JFET  drops  nearly  to  zero  when 
—  Vpk  is  more  negative  than,  or  equal  to,  Vcs(off)-  When  ID  =  0  A,  little  voltage  is  dropped 
across  RD  and  the  output  voltage  is  close  to  VDD.  By  formula, 


when  Vin  is  equal  to  (or  more  negative  than)  VGs(off)-  Using  these  two  relationships  for 
Vout,  it  is  easy  to  see  that  the  input  pulse  shown  in  Figure  19.4  produces  the  output  pulse 
shown.  Example  19.2  demonstrates  the  analysis  of  a  basic  JFET  switch. 


EXAMPLE  19.2 _ _ _ 

Determine  the  high  and  low  output  voltage  values  for  the  circuit  shown  in  Figure  19.5. 

Solution:  When  the  input  is  at  0  V,  the  JFET  has  minimum  resistance  between  the 
source  and  drain  and  ID  =  IDSS.  Thus, 

Vou.  =  VDD  -  1DSSRD  =  5  V  -  (5mA)(l  kO)  =  5  V  -  5  V  =  0  V 
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+5  V 


When  the  input  is  at  -5  V,  it  is  equal  to  VGsr<m.  Therefore,  ID  =  0  A.  Using  this 
value  in  place  of  IDSS  in  the  above  equation  yields 

Vmt  =  VDD  -  IdRd  =  +5  V  -  0  V  =  +5  V 
Practice  Problem  19.2 

A  JFET  switch  like  the  one  in  Figure  19.5  has  the  following  values:  VDD  =  + 10  V, 
R/>  =  1.8  kfl,  IDSS  =  5  mA,  and  VGS(nm  =  —  3  V.  The  input  signal  to  the  circuit  is  a 
rectangular  wave  that  has  low  and  high  output  voltages  of  -4  V  and  0  V,  respec¬ 
tively.  Determine  the  high  and  low  output  voltage  values  for  the  circuit. 


A  Practical  Consideration: 
Example  19.2  assumes  that  the 
JFET  has  only  one  value  of  IDSS 
and  VCls(0ffy  In  practice,  JFETs 
typically  have  minimum  and 


In  Example  19.2,  we  have  once  again  assumed  that  the  active  component  is  ideal.  In 
practice,  the  output  values  vary  slightly  from  the  ideal  values  of  0  V  and  VDD.  These  dis¬ 
crepancies  are  caused  by  the  drain  cutoff  current  and  the  drain-source  on-state 

voltage  (  VDSl0n)),  of  the  JFET. 


19.1.3  The  MOSFET  as  a  Switch 


A  MOSFET  switch  has  the  input  impedance  advantage  of  a  JFET  switch  and  the  input/out¬ 
put  polarity  relationship  of  a  BJT  switch.  A  basic  MOSFET  switch  is  shown  in  Figure  19.6. 


FIGURE  19.6  The  MOSFET  switch. 


Since  the  D-MOSFET  can  be  operated  in  the  enhancement  mode,  it  can  produce  a  How  do  MOSFET  and  JFET 
positive  output  signal  with  a  positive  input  signal.  While  there  is  still  a  1 80°  voltage  phase  , 

shift  from  input  to  output,  both  signals  vary  between  approximately  0  V  and  some  posi¬ 
tive  peak  value.  (In  contrast,  the  JFET  switch  uses  a  negative  input  signal  to  produce  a 
positive  output  signal,  as  shown  in  Figure  19.4.) 

When  the  input  to  the  circuit  shown  in  Figure  19.6  is  at  0  V,  1D  =  1DSS  and 
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For  the  MOSFET  switch  shown,  a  lower  value  of  RD  produces  an  output  that  is  closer  to 
the  value  of  VDD.  This  point  is  illustrated  in  Example  19.3. 


EXAMPLE  19.3 _ _ 

Determine  the  output  voltage  for  the  circuit  shown  in  Figure  19.7  when  the  input  is 
at  0  V.  Repeat  the  procedure  for  the  circuit  using  RD  =  100  ft. 


FIGURE  19.7 


0  Vo 


+10V 


X 


Idss  -  2  mA 


Solution:  When  the  input  is  at  0  V,  the  current  through  the  MOSFET  equals  IDSS- 
Therefore,  the  output  voltage  is  found  as 

Vout  =  VDD  -  IossRd  =  10  v  -  2  V  =  8  V 

If  the  resistor  in  the  circuit  is  replaced  with  a  100  ft  resistor,  the  output  changes  to 

Vout  =  VDD  -  1DSsRd  =  10  V  -  200  mV  =  9.8  V 

Thus,  using  a  smaller  value  of  RD  results  in  a  high  output  voltage  that  is  much 
closer  to  the  ideal  value,  VDD. 


Practice  Problem  19.3 

A  circuit  like  the  one  shown  in  Figure  19.7  has  the  following  values:  VDD  =  +8  V,  Rn  = 
2  kft,  and  IDSS  =  500  pA.  Determine  the  value  of  Vout  for  the  circuit  when  Vin  =  0  V. 


A  lower-value  drain  resistor  helps  to  produce  a  high  output  voltage  that  is  closer  to 
VDD,  but  it  also  results  in  a  low  output  voltage  that  is  further  from  its  ideal  value  (0  V). 
With  a  lower  value  of  RD,  the  value  of  JpRo  is  lower  for  a  given  value  of  1D.  This  means 
that  when  the  MOSFET  is  conducting  to  its  maximum  capability,  the  value  of  IDRD  may 
not  be  sufficient  to  drop  the  output  to  0  V.  Thus,  we  have  a  trade-off.  If  having  an  output 
close  to  VDD  is  important,  a  low  value  of  RD  may  be  required,  depending  on  the  current 
capability  of  the  particular  MOSFET. 

The  CMOS  switch  discussed  in  Chapter  13  eliminates  the  trade-off  problem  that  can 
be  caused  by  RD.  As  a  review,  the  CMOS  switch  is  shown  in  Figure  19.8.  Recall  from  our 
previous  discussion  that  the  two  MOSFETs  shown  in  the  switch  are  always  in  opposite 
operating  states.  Thus,  when  0,  is  on,  02  is  off,  and  vice  versa.  The  following  table  is 
based  on  the  relationship  between  the  operating  states  of  Qx  and  Q2. 


Q,  State  02  State  Qx  Resistance  Q2  Resistance 

On  Off  Low  High 

Off  On  High  Low 


When  Qx  is  on,  Q2  is  off.  In  this  case,  the  high  resistance  of  Q2  and  the  low  resistance  of 
Qx  combine  to  produce  an  output  that  is  very  close  to  0  V.  When  Q2  is  on,  Q{  is  off.  In  this 
case,  the  low  resistance  of  Q2  and  the  high  resistance  of  Q\  combine  to  produce  an  output 
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FIGURE  19.8  The  CMOS  switch. 


that  is  very  close  to  VSs-  As  a  result,  the  trade-off  caused  by  Rn  in  the  basic  MOSFET 
inverter  is  eliminated.  This  is  one  of  the  reasons  that  CMOS  switches  are  almost  always 
used  in  place  of  other  MOS  switches. 


19.1.4  Basic  Switching  Applications 

A  typical  application  for  a  BJT  switch  is  illustrated  in  Figure  19.9.  In  this  figure,  the  BJT 
is  being  used  as  an  LED  driver.  A  driver  is  a  circuit  used  to  couple  a  low-current  signal 
source  to  a  relatively  high-current  device.  Assuming  that  the  output  current  from  the  sig¬ 
nal  source  is  insufficient  to  light  the  LED,  a  driver  is  required  to  provide  the  current 
needed  to  light  the  LED. 


FIGURE  19.9  A  typical  application  for  the  simple  BJT  switch. 

How  does  the  circuit  work?  When  the  output  from  the  signal  source  is  at  0  V,  Q,  is  in 
cutoff  (acting  as  an  open  switch).  As  a  result,  Ic  =  0  mA,  and  the  LED  doesn’t  light. 
When  the  output  from  the  signal  source  is  at  +5  V,  Q,  is  in  saturation  (acting  as  a  closed 
switch).  As  a  result,  Ic  increases  to  a  level  sufficient  to  light  the  LED.  Note  that  the  value 
of  Ic  depends  on  the  value  of  Vcc,  the  forward  voltage  across  the  LED,  the  value  of 
^c£(sat)  f°r  the  transistor,  and  the  value  of  Rc  (which  serves  as  a  current-limiting  resistor). 

Even  though  the  driver  shown  in  Figure  19.9  uses  a  BJT,  drivers  are  commonly  made 
with  each  of  the  active  devices  covered  in  this  section.  The  device  used  in  any  driver 
application  is  determined  by  the  system  engineer,  and  no  single  active  device  seems  to 
dominate  this  application. 

19.1.5  Summary 

BJT,  JFET,  and  MOSFET  switches  are  commonly  used  as  drivers  in  switching  applica¬ 
tions.  A  driver  is  a  circuit  used  to  couple  a  low-current  circuit  output  to  a  relatively  high- 
current  device,  such  as  an  LED. 


Driver 

A  circuit  used  to  couple  a  low- 
current  output  to  a  relatively 
high-current  device. 
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The  basic  switching  circuits  are  used  to  provide  high  and  low  dc  outputs  when  driven 
by  an  input  signal.  A  high  output  is  one  that  is  within  1  V  of  the  circuit  supply  voltage 
(typically).  A  low  voltage  is  one  that  is  within  1  V  of  ground  (typically). 

Section  Review  ►  1.  What  is  a  switching  circuit? 

2.  What  is  the  primary  difference  between  linear  circuits  and  switching  circuits? 

3.  Describe  the  operation  of  the  BJT  switch. 

4.  Describe  the  operation  of  the  JFET  switch. 

5.  Describe  the  operation  of  the  MOSFET  switch. 

6.  What  is  a  driver 1 

Critical  Thinking  ►  7.  When  does  the  transistor  in  Figure  19.1  dissipate  the  greatest  amount  of  power?  Explain. 

8.  Using  only  the  components  shown,  how  could  the  circuit  shown  in  Figure  19.9  be 
altered  to  light  the  LED  when  the  output  from  the  signal  source  is  0  V? 


19.2  Basic  Switching  Circuits:  Practical  Considerations 


OBJECTIVE  2  ►  In  this  section,  we  will  take  a  look  at  some  of  the  factors  that  affect  the  operation  and  analy¬ 
sis  of  basic  switching  circuits.  Most  of  these  factors  explain  the  differences  between  ideal 
and  practical  time  and  frequency  measurements.  We  will  also  look  at  two  switching  circuit 
classifications  and  several  devices  that  are  specially  designed  for  switching  applications. 


19.2.1  Practical  Measurements 

Before  we  can  discuss  any  practical  time  or  frequency  measurements,  we  must  define 
some  of  the  terms  commonly  used  to  describe  rectangular  waves.  We  will  define  these 
terms  with  the  help  of  Figure  19.10. 


Rectangular  waveform 

A  waveform  made  up  of 
alternating  (high  and  low)  dc 
voltages. 

Pulse  width  (PW) 

The  time  spent  in  the  active 
(high)  dc  voltage  state. 

Space  width  (SW) 

The  time  spent  in  the  passive 
(low)  dc  voltage  state. 

Cycle  time  ( Tc ) 

The  sum  of  pulse  width  and 
space  width. 


Square  wave 

i  A  rectangular  v 


FIGURE  19.10  Measuring  pulse  width,  space  width,  and  cycle  time. 

A  waveform  made  up  of  alternating  (high  and  low)  dc  voltages  is  generally  classified 
as  a  rectangular  waveform.  The  time  a  rectangular  waveform  spends  in  the  high  dc  volt¬ 
age  state  is  generally  called  the  pulse  width  (PW)  of  the  waveform.  The  time  spent  in  the 
low  dc  voltage  state  is  generally  called  the  space  width  (SW)  of  the  waveform.  The  sum 
of  pulse  width  and  space  width  gives  you  the  cycle  time  ( Tc )  of  the  waveform. 

The  square  wave  is  a  rectangular  waveform  that  has  equal  pulse  width  and  space 
width  values.  When  PW  A  SW,  the  waveform  is  simply  referred  to  as  a  rectangular 
waveform. 
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When  discussing  the  ideal  waveform,  it  is  easy  to  determine  the  value  of  pulse  width, 
space  width,  or  cycle  time.  For  example,  take  a  look  at  the  ideal  waveform  in  Figure 
19.10.  The  scale  shown  between  the  ideal  and  practical  waveforms  is  used  as  a  time  refer¬ 
ence.  Assume  (for  the  sake  of  discussion)  that  the  scale  is  measuring  time  in  micro¬ 
seconds  (ps).  For  the  ideal  waveform,  it  is  easy  to  see  that  the  value  of  PW  is 


PW  =  10  ps  -  4  ps  =  6  fjcs 


Similarly,  the  value  of  SW  can  be  found  as 


SW  =  14  ps  -  10  ps  =  4  fis 


and  the  cycle  time  can  be  found  as 


Tc  =  14  )as  —  4  ps  =  10  p.s 


When  we  wish  to  make  the  time  measurements  of  a  practical  rectangular  waveform, 
we  run  into  a  problem.  You  see,  the  transitions  from  low  to  high  and  from  high  to  low  are 
not  perfectly  vertical.  (The  reasons  for  this  are  discussed  later  in  this  section.)  For  exam¬ 
ple,  take  a  look  at  the  practical  waveform  in  Figure  19.10.  If  we  measure  the  PW  of  this 
waveform  from  ax  to  a2,  its  value  is  found  to  be  approximately  3.2  ps.  However,  if  we 
measure  the  PW  from  bx  to  b2,  its  value  is  found  to  be  approximately  6.5  ps.  The  ques¬ 
tion  here  is:  Where  do  we  measure  the  values  of  PW,  SW,  and  Tc  so  that  everyone  gets 
the  same  results? 

To  eliminate  the  problem  of  measurement  variations,  the  values  of  PW,  SW,  and  Tc  are 
always  measured  at  the  50%  points  (where  the  voltage  is  halfway  between  the  high  and 
low  values).  For  example,  if  the  practical  waveform  in  Figure  19.10  has  peak  values  of 
0  V  (low)  and  +5  V  (high),  we  measure  the  values  of  PW,  SW,  and  Tc  at  the  +2.5  V 
points  on  the  waveform.  This  point  is  illustrated  further  in  Example  19.4. 


EXAMPLE  19.4 _ 

Figure  19.11a  represents  the  output  from  an  inverter  as  viewed  with  an  oscillo¬ 
scope.  With  the  oscilloscope  set  to  a  horizontal  calibration  of  50  ps/div,  what  are 
the  values  of  PW  and  Tc  for  the  waveform? 


FIGURE  19.11 


(a) 


Solution:  The  waveform  is  positioned  so  that  it  varies  equally  above  and  below 
the  0  V  reference  on  the  grid.  Therefore,  we  measure  PW  and  Tc  at  the  0  V  points 
(since  these  are  halfway  between  the  peak  values). 

The  PW  is  measured  during  the  positive  alternation.  There  are  approximately  2.5 
major  divisions  between  the  two  0  V  points.  Since  each  major  division  represents 
50  ps,  the  PW  is  found  as 


PW  =  2.5  X  50  ps  =  125  ps 
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A  Practical  Consideration: 

In  most  circuit  analyses,  we  are 
interested  only  in  measuring 
the  values  of  PW  and  Tc.  If  the 

R|§|?  gs 

id  bv  subtract i raj 


Duty  cycle 

The  ratio  of  pulse  width  (PW) 
to  cycle  time  (Tc),  measured  as 
a  percentage. 


OBJECTIVE  3  ► 


Propagation  delay 

The  time  delay  between  input 
and  output  transitions,  as 
measured  at  the  50%  point  on 
the  two  waveforms. 


Now,  looking  at  the  illustration,  we  can  see  that  there  are  approximately  6.5  divi¬ 
sions  from  the  0  V  point  on  one  rising  edge  to  the  0  V  point  on  the  next  rising  edge. 
Since  these  points  correspond  to  one  complete  cycle,  the  cycle  time  is  found  as 

Tc  —  6.5  X  50  p,s  =  325  p,s 


Practice  Problem  19.4 

Determine  the  values  of  PW  and  Tc  for  the  waveform  in  Figure  19. 1  lb. 


Another  time-related  measurement  commonly  made  with  switching  circuits  is  duty 
cycle.  Duty  cycle  is  the  ratio  of  pulse  width  to  total  cycle  time,  measured  as  a  percentage. 
By  formula, 


duty  cycle 


pulse  width 
cycle  time 


X  100 


(19.1) 


Example  19.5  demonstrates  the  use  of  this  equation  in  determining  the  duty  cycle  of  a 
given  waveform. 

EXAMPLE  19.5 _ 

Determine  the  duty  cycle  for  the  waveform  in  Figure  19.1  la. 

Solution:  In  Example  19.4,  we  determined  the  waveform  to  have  values  of  PW  = 
125  p.s  and  Tc  =  325  p.s.  Using  these  values  and  equation  (19.1),  the  duty  cycle  of 
the  waveform  is  found  as 


PW  125  as 

duty  cycle  =  — —  X  100  =  — r —  X  100  =  38.5% 
Tc  325  p,s 


Practice  Problem  19.5 

Determine  the  duty  cycle  of  the  waveform  in  Figure  19.1  lb. 


The  duty  cycle  of  a  waveform  indicates  the  percentage  of  each  cycle  that  is  taken  up 
by  the  pulse  width.  If  a  given  waveform  has  a  duty  cycle  of  35%,  the  pulse  width  takes  up 
35%  of  each  cycle.  A  square  wave  always  has  a  duty  cycle  of  50%  since,  by  definition,  its 
pulse  width  is  one-half  of  its  cycle  time. 

Now  that  you  are  familiar  with  basic  switching  circuit  measurements,  we  will  examine 
the  switching  characteristics  of  the  BJT  and  FET  individually. 

19.2.2  BJT  Switching  Time 

The  output  from  an  ideal  BJT  switch  would  change  at  the  exact  instant  that  the  circuit 
input  changes,  with  the  output  resembling  the  ideal  waveform  you  saw  in  Figure  19.10.  In 
practice,  the  output  from  a  BJT  switch  more  closely  resembles  the  waveforms  shown  in 
Figure  19.12.  The  VB  waveform  represents  an  ideal  input  that  changes  states  instantly  at 
T0  and  T3.  Note  that  this  waveform  can  represent  either  VB  or  IB  since  they  are  always  in 
phase.  The  Ic  and  Vc  waveforms  differ  from  their  ideal  characteristics  in  several  respects: 

1.  There  is  a  delay  between  each  input  transition  and  the  start  of  the  output  transitions. 

2.  The  output  transitions  are  not  vertical,  implying  that  they  require  some  measurable 
amount  of  time  to  occur. 

The  overall  delay  between  the  input  and  output  transitions  (as  measured  at  the  50%  points 
on  the  two  waveforms)  is  referred  to  as  propagation  delay. 

There  are  actually  four  sources  of  BJT  propagation  delay,  each  measured  during  one 
of  the  time  periods  shown  in  Figure  19.12.  The  first  contributor  to  the  delay  is  called 
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Lab  Reference:  The  time  periods 
in  Figure  19.12  are  measured  in 
Exercise  31. 


VB  or  lg 
(ideal) 


(a) 


FIGURE  19.12  The  causes  of  propagation  delay. 

delay  time  (td).  This  is  the  time  required  for  the  transistor  to  come  out  of  cutoff.  As 
shown  in  Figure  19.12,  td  is  measured  between  T0  and  T{  on  the  output  waveforms.  In 
terms  of  Ic,  the  delay  time  is  the  time  required  for  Ic  to  reach  10%  of  its  maximum  value. 

Oscilloscopes  are  designed  to  display  voltage  (as  it  relates  to  time).  As  such,  we  need 
to  define  delay  time  in  terms  of  Vc  so  that  we  can  apply  the  concept  to  oscilloscope  mea¬ 
surements.  In  terms  of  Vc,  delay  time  is  the  time  required  for  Vc  to  drop  to  90%  of  its 
maximum  value  (in  most  cases,  to  90%  of  Vcc). 

Rise  time  ( tr )  is  the  time  required  for  the  BJT  to  make  the  transition  from  cutoff  to 
saturation  (in  effect,  the  time  required  for  the  transistor  to  pass  through  its  active  region 
of  operation).  In  Figure  19.12,  rise  time  is  measured  between  T]  and  T2.  In  terms  of  Ic, 
rise  time  is  the  time  required  for  Ic  to  rise  from  10%  to  90%  of  its  maximum  value.  In 
terms  of  Vc,  it  is  the  time  required  for  Vc  to  drop  from  90%  to  10%  of  its  maximum  value. 

Storage  time  (fs)  is  the  time  required  for  a  BJT  to  come  out  of  saturation.  In  terms  of 
Ic ■>  it  is  the  time  required  for  Ic  to  drop  from  100%  to  90%  of  its  maximum  value,  mea¬ 
sured  between  T3  and  T4.  In  terms  of  Vc,  it  is  the  time  required  for  Vc  to  rise  to  10%  of  its 
maximum  value.  Note  that  storage  time  (like  delay  time)  is  shown  to  begin  at  the  point 
when  the  input  signal  changes. 

Finally,  fall  time  (tf)  is  the  time  required  for  the  BJT  to  make  the  transition  from  satu¬ 
ration  to  cutoff,  measured  between  T4  and  T5.  In  terms  of  Ic,  it  is  the  time  required  for  lc 
to  drop  from  90%  to  10%  of  its  maximum  value.  In  terms  of  Vc,  it  is  the  time  required  for 
Vc  to  increase  from  10%  to  90%  of  its  maximum  value. 
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An  important  point  needs  to  be  made:  The  time  definitions  above  assume  that: 

1.  A  transistor  in  cutoff  has  a  value  of  Vc  —  0.9VCC. 

2.  A  transistor  in  saturation  has  a  value  of  Vc  <  0. 1  Vcc. 

These  ranges  are  open  to  debate  and  should  not  be  taken  as  being  absolute.  However,  the 
percentages  used  to  define  the  various  times  are  accepted  as  standards. 

Delay  time  and  storage  time  account  for  the  delay  between  each  input  transition  and 
the  start  of  the  corresponding  output  transition.  Rise  time  and  fall  time  account  for  the 
slope  of  each  output  transition.  If  we  could  eliminate  tr  and  tf,  the  output  from  a  BJT 
switch  would  resemble  the  waveform  in  Figure  19.13b.  If  we  could  eliminate  td  and  t„  the 
output  from  a  BJT  switch  would  resemble  the  waveform  in  Figure  19.13c.  Later  in  this 
section,  you  will  see  how  external  components  can  be  used  to  reduce  td  and  ts.  However, 
little  can  be  done  to  affect  the  values  of  tr  and  tf.  As  a  result,  the  output  from  a  BJT  switch 
most  closely  resembles  the  waveform  in  Figure  19.13c. 


''out 

(fdand  ts  only) 


Vout 

(trand  f/only) 


tr  |— 


(a) 


(b) 


(c) 


FIGURE  19.13  The  effects  of  switching  times  on  the  output  from  a  BJT  switch. 


The  values  of  td,  tn  ts,  and  tf  are  all  provided  on  the  specification  sheet  of  a  given  BJT. 
For  example,  the  2N3904  spec  sheet  (Figure  7.17)  lists  the  following  maximum  values 
under  switching  characteristics'. 


td  =  35  ns  tr  =  35  ns  ts  =  200  ns  tf  =  50  ns 


If  we  add  the  values  of  delay  time  and  rise  time,  we  get  the  maximum  time  required  for 
the  2N3904  to  make  the  transition  from  a  high  output  state  to  a  low  output  state,  70  ns.  If 
we  add  the  values  of  storage  time  and  fall  time,  we  get  the  maximum  time  required  for 
the  2N3904  to  make  the  transition  from  a  low  output  state  to  a  high  output  state,  250  ns. 
As  you  can  see,  it  takes  more  time  for  the  device  to  go  from  high  to  low  than  it  takes  to 
go  from  low  to  high.  The  reason  for  this  is  explained  later  in  this  section. 
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If  we  add  the  four  switching  times  listed,  we  get  a  theoretical  minimum  switching  time 
of  320  ns.  It  would  seem  that  this  minimum  switching  time  could  be  used  to  calculate  a 
maximum  switching  frequency  as  follows: 


/man 


td  +  tr  +  4  +  tf  320  ns 


=  3.125  MHz 


In  practice,  3.125  MHz  is  far  beyond  the  frequency  capability  of  a  2N3904  switching 
circuit.  The  reason  lies  in  the  relationship  between  the  upper  cutoff  frequency  {fen)  of  the 
BJT  and  the  rise  time  of  its  input  waveform.  In  Appendix  D,  the  following  equation  is 
derived  for  calculating  the  value  of fC2  for  a  discrete  switching  circuit: 


(19.2) 


where  tr  =  the  rise  time  of  the  active  device.  Using  this  equation,  the  value  of  /C2  for  a 
2N3904  switching  circuit  would  be  found  as 


A  Practical  Consideration: 

In  switching  circuit 
applications,  frequency  is  often 
referred  to  as  pulse  repetition 
rate  (PRR)  or  pulse  repetition 
frequencyfPfCf}- 
either  of  these  tenns  used  in 

\ ..  .u.  . . -V'C . / S, "i‘ , •  ■ 


fa  =  ~~  =  10  MHz  (ir,  =  35  ns  for  the  2N3904) 
35  ns 


Thus,  the  2N3904  has  an  upper  cutoff  frequency  of  10  MHz. 

To  pass  a  square  wave  with  minimum  distortion,  the  upper  cutoff  frequency  of  a 
switching  circuit  should  be  at  least  100  times  the  frequency  of  the  input  square  wave. 
Thus,  the  practical  limit  on  the  frequency  of  a  switching  circuit  input  signal  is  one- 
hundredth  the  value  of  fC2  for  the  circuit.  By  formula, 


fmax 


0.35 

100/, 


(practical  limit) 


(19.3) 


In  the  case  of  the  2N3904  switch,  this  means  that  the  practical  limit  on  /in  for  a  circuit  is 
100  kHz. 

Figure  19.14  shows  what  happens  if  the  practical  limit  on^n  for  a  circuit  is  exceeded. 
When  fm  =  fc2/ 100,  there  is  virtually  no  distortion  in  the  output  waveform.  As  the  input 
frequency  increases  beyond  this  limit: 

1.  The  leading  and  trailing  edges  of  the  circuit  output  become  more  and  more 
rounded. 

2.  The  delays  between  the  input  and  output  transitions  increase. 

3.  The  pulse  width  and  space  width  become  asymmetrical ,  meaning  that  PW  A 
SW. 

Example  19.6  demonstrates  the  complete  frequency  analysis  of  a  BJT  switching  circuit. 
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FIGURE  19.14  Wave  shape  versus  operating  frequency. 
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EXAMPLE  19.6 


A  transistor  has  the  following  maximum  values  listed  on  its  spec  sheet:  td=  10  ns, 
tr  =  40  ns,  ts  =  80  ns,  and  tf  -  30  ns.  Determine  the  value  of  /c2  for  the  transistor 
and  the  practical  limit  on  its  input  frequency. 

Solution:  With  a  rise  time  of  40  ns,  the  value  of/a  for  the  component  is  found  as 


n  e£3S '  ■ 
fe-  - 


To  avoid  distortion  in  the  output  waveform,  the  input  frequency  to  the  component 
should  be  limited  to  approximately 


lOOt,  (100)(40  ns) 


Practice  Problem  19.6 

A  transistor  has  the  following  maximum  values  listed  on  its  spec  sheet:  td  =  20  ns, 
tr  =  25  ns,  ts=  120  ns,  and  tf  =  20  ns.  Determine  the  value  of  /c2  for  the  transistor 
and  the  practical  limit  on  its  input  frequency. 


19.2.3  Improving  BJT  Switching  Time 

OBJECTIVE  4  ►  Before  you  can  understand  the  methods  used  to  improve  BJT  switching  time,  we  need  to 
take  a  moment  to  discuss  the  causes  of  switching  time.  The  various  times  are  explained 
easily  with  the  help  of  an  illustration  that  appeared  earlier  in  the  text.  Figure  6.6  is 
repeated  as  Figure  19.15. 


FIGURE  19.15  A  BJT  in  cutoff. 


When  the  BJT  is  in  cutoff,  the  base-emitter  depletion  layer  is  at  its  maximum  width,  and 
Ic  is  essentially  at  zero.  When  the  input  to  the  BJT  goes  positive,  the  depletion  layer  starts 
to  “dissolve,”  allowing  lc  to  begin  to  increase.  Delay  time  is  the  time  required  for  the  deple¬ 
tion  layer  to  dissolve  to  the  point  where  10%  of  the  maximum  value  of  lc  is  allowed  to  pass 
through  the  component.  How  long  is  this  period  of  time?  That  depends  on  three  factors: 

1.  The  physical  characteristics  of  the  particular  BJT. 

2.  The  amount  of  reverse  bias  initially  applied  to  the  component. 

3.  The  amount  of  IB  that  the  input  signal  generates  when  it  goes  positive. 
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We  cannot  do  anything  about  the  physical  characteristics  of  the  BJT,  but  we  can  do  sev¬ 
eral  things  to  improve  td.  By  keeping  the  initial  reverse  bias  at  a  minimum,  we  can  keep  the 
depletion  layer  at  a  minimum  width.  The  narrower  the  depletion  layer,  the  less  time  it  will 
take  for  it  to  dissolve.  Also,  you  should  recall  that  the  BJT  is  a  current-controlled  device; 
that  is,  the  width  of  the  depletion  layer  is  determined  by  the  amount  of  IB.  Therefore,  by 
providing  a  very  high  initial  value  ofIB ,  delay  time  is  further  reduced.  Later  in  this  section, 
we  will  discuss  one  method  by  which  a  large  initial  value  of  lB  is  generated. 

After  delay  time  has  passed,  the  depletion  layer  continues  to  dissolve,  allowing  Ic  to 
continue  to  increase.  Rise  time  is  the  time  required  for  the  depletion  layer  to  dissolve  to 
the  point  where  Ic  reaches  90%  of  its  maximum  value.  Rise  time  is  strictly  a  function  of 
the  physical  characteristics  of  the  BJT,  and  nothing  can  be  done  to  reduce  it. 

The  biggest  overall  delay  is  storage  time.  Referring  to  the  specifications  of  the 
2N3904,  you  can  see  that  storage  time  is  at  least  four  times  as  long  as  any  of  the  other 
switching  times.  Therefore,  reducing  ts  has  a  major  impact  on  the  overall  switching  time 
of  a  given  BJT. 

When  a  transistor  is  in  saturation,  the  base  region  is  flooded  with  charge  carriers. 
When  the  input  voltage  goes  low,  it  takes  a  great  deal  of  time  for  these  charge  carriers  to 
leave  the  base  region,  allowing  a  new  depletion  layer  to  begin  to  form.  The  time  required 
for  this  to  happen  is  storage  time. 

The  duration  of  storage  time  depends  on  three  factors: 

1.  The  physical  characteristics  of  the  BJT. 

2.  The  initial  value  of  Ic. 

3.  The  initial  value  of  reverse  bias  applied  to  the  base. 

Again,  we  cannot  do  anything  about  the  physical  characteristics  of  the  BJT,  but  we  can 
do  something  about  the  other  two  variables.  Storage  time  can  be  greatly  reduced  by  keep¬ 
ing  Ic  low  enough  so  that  the  BJT  never  completely  saturates.  In  other  words,  if  we  keep 
the  BJT  operating  point  just  below  saturation,  the  amount  of  current  in  the  base  region  of 
the  BJT  is  greatly  reduced,  and  storage  time  is  also  reduced.  Also,  if  we  apply  a  very 
large  initial  value  of  reverse  bias,  the  charge  carriers  are  forced  rapidly  out  of  the  base 
region  and  storage  time  is  further  reduced. 

Like  rise  time,  fall  time  is  a  function  of  the  physical  characteristics  of  the  BJT  and 
cannot  be  reduced  by  any  practical  means.  Fall  time  is  the  time  required  for  the  depletion 
layer  to  expand  to  the  point  where  lc  drops  to  10%  of  its  maximum  value. 

Now,  let’s  summarize  the  steps  we  can  take  to  reduce  the  overall  switching  time  of  a 
given  BJT: 

1.  By  applying  a  high  initial  value  of  IB,  delay  time  is  reduced. 

2.  By  using  the  minimum  value  of  reverse  bias  required  to  hold  the  BJT  in  cutoff, 
delay  time  is  further  reduced. 

3.  By  limiting  IB  to  a  value  lower  than  that  required  to  completely  saturate  the  BJT, 
storage  time  is  reduced. 

4.  By  applying  an  initial  reverse  bias  that  is  very  large,  storage  time  is  further  reduced. 

Take  another  look  at  statements  1  and  3.  These  statements  indicate  that  we  want  IB  to 
be  very  high  initially  (to  reduce  delay  time)  and  then  settle  down  to  some  level  below  that 
required  for  saturation  (to  reduce  storage  time).  Statements  2  and  4  can  be  combined  in  a 
similar  fashion.  We  want  a  very  high  initial  value  of  reverse  bias  (to  reduce  storage  time) 
and  then  a  minimum  reverse  bias  (to  reduce  delay  time). 

The  desired  IB  and  reverse-bias  characteristics  described  above  are  both  achieved  by 
using  a  speed-up  capacitor.  A  basic  BJT  switch  with  an  added  speed-up  capacitor  is 
shown  in  Figure  19.16.  The  speed-up  capacitor  will  perform  all  the  required  functions 
when  its  value  is  properly  selected.  The  means  by  which  it  accomplishes  these  func¬ 
tions  are  illustrated  in  Figure  19.17. 

The  speed-up  capacitor  in  Figure  19.16  effectively  short  circuits  the  resistor  (RB)  dur¬ 
ing  the  time  that  the  input  is  making  its  transitions.  As  indicated  in  Figure  19.17,  a  posi¬ 
tive  spike  is  coupled  to  the  base  of  the  transistor  when  Fin  makes  its  transition  from  0  V  to 
+5  V.  This  spike  generates  a  high  initial  value  of  IB.  Then,  as  the  capacitor  charges,  the 


What  is  the  cause  of  storage 

M  . . 


A  Practical  Consideration: 

We  can  reduce  td  and  ts  as 
described  in  this  section. 
However,  since  the  practical 
frequency  limit  is  determined 
by  rise  time,  improving  these 
times  does  not  increase  the 

■  of  lb.* 


Speed-up  capacitor 

A  capacitor  used  to  reduce 
propagation  delay  by  reducing 
td  and  ty 
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FIGURE  19.16  A  speed-up  capacitor  ( Cs )  improves  switching  time. 


Lab  Reference:  The  effects  of  a 
speed-up  capacitor  on  BJT 
switching  characteristics  are 
demonstrated  in  Exercise  31. _ 

kin 


FIGURE  19.17  Waveforms  caused  by  a  speed-up  capacitor. 


spike  returns  to  the  0  V  level,  and  IB  decreases  to  some  value  slightly  less  than  that 
required  to  fully  saturate  the  transistor.  As  a  result,  delay  time  is  reduced  while  ensuring 
that  IB  returns  to  a  value  that  is  low  enough  to  prevent  saturation. 

When  the  input  signal  returns  to  0  V,  the  charge  on  Cs  drives  the  output  of  the  RC  cir¬ 
cuit  to  —5  V.  This  is  the  high  initial  reverse  bias  needed  to  reduce  storage  time.  Since 
the  transistor  was  prevented  from  saturating  by  IB,  the  capacitor  has  done  all  that  can  be 
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done  to  reduce  storage  time.  Also,  since  VB  returns  to  0  V  at  the  end  of  the  negative  spike, 
the  final  value  of  reverse  bias  is  at  a  minimum.  This,  coupled  with  the  high  initial  IB 
spike,  ensures  that  delay  time  is  held  to  a  minimum. 

The  value  of  Cs  is  normally  chosen  so  that  the  time  constant  of  the  RC  circuit  is  very 
short  (as  compared  to  the  pulse  width)  at  the  maximum  operating  frequency.  This  require¬ 
ment  is  fulfilled  by  using  the  following  equation  to  select  Cs: 


c  <  - — 

S  20/Wmax 


(19.4) 


As  long  as  the  speed-up  capacitor  fulfills  the  requirement  of  equation  (19.4),  the  values  of 
td  and  ts  for  the  BJT  will  be  greatly  reduced. 

In  Figure  19.17b,  we  simplified  things  by  ignoring  the  effects  of  the  emitter-base  junc¬ 
tion  of  the  transistor.  The  actual  waveform  produced  at  the  base  of  the  transistor  is  shown 
in  Figure  19.17c.  On  the  positive  transistion,  the  emitter-base  junction  turns  on  and  clips 
off  the  positive  spike  produced  by  the  speed-up  capacitor.  Since  the  transistor  remains  on 
during  the  entire  pulse  width  of  the  input,  VB  does  not  actually  return  to  0  V.  Rather,  it 
remains  at  the  value  of  VBE  (approximately  0.7  V). 


19.2.4  JFET  Switching  Time 

Many  JFET  spec  sheets  list  values  of  td,  tn  ts,  and  tf.  The  causes  of  these  times  in  the 
JFET  are  similar  to  those  of  the  BJT.  When  the  value  of  tr  is  listed  on  the  JFET  spec 
sheet,  the  practical  limit  on  f„  can  be  determined  in  the  same  fashion  as  it  is  for  the  BJT. 

Some  JFET  spec  sheets  list  only  turn-on  time  (tan)  and  turn-off  time  (toff).  Turn-on 
time  is  the  sum  of  delay  time  and  rise  time.  Turn-off  time  is  the  sum  of  storage  time  and 
fall  time.  When  these  are  the  only  values  listed  in  the  JFET  spec  sheet,  it  is  difficult  to 
determine  the  exact  practical  limit  on/in  for  the  device.  This  is  because  you  cannot  deter¬ 
mine  the  portion  of  turn-on  time  that  is  actually  taken  up  by  the  rise  time  of  the  device. 
In  other  words,  there  is  no  conversion  formula  for  calculating  rise  time  when  turn-on 
time  is  known. 

When  only  ton  is  given,  use  this  value  in  place  of  tr  in  equation  (19.3)  to  determine  the 
practical  operating  frequency  limit.  While  the  actual  limit  on  fn  will  be  significantly 
higher  than  the  calculated  value,  you  will  be  able  to  approximate  its  minimum  value. 

Since  JFETs  are  voltage-controlled  devices,  speed-up  capacitors  reduce  only  the  turn¬ 
off  time  of  the  component.  By  initially  supplying  a  gate-source  voltage  that  is  greater 
than  VGs(off)>  the  speed-up  capacitor  decreases  the  time  required  to  turn  off  the  JFET. 
However,  the  capacitor  does  little  to  improve  the  turn-on  time  of  the  component. 


19.2.5  Switching  Devices 

Groups  of  BJTs  and  JFETs  have  been  developed  specifically  for  switching  applications. 
These  devices,  called  switching  transistors,  are  designed  to  have  extremely  short  values 
of  td,  tn  ts,  and  tf.  For  example,  the  2N2369  has  the  following  maximum  values  listed  on 
its  data  sheet: 


G  =  5  ns  tr  =  18  ns  ts=  13  ns  tf  =  15  ns 

With  the  extremely  short  delay  and  storage  time  values,  a  2N2369  switching  circuit  prob¬ 
ably  wouldn’t  need  a  speed-up  capacitor.  Also,  with  the  given  rise  time  of  18  ns,  the  prac¬ 
tical  limit  on/in  for  the  device  would  be  found  as 


The  value  of /max  used  in 
equation  (19.4)  is  the  practical 
/oBj  Oljlhe  found  as 


Turn-on  time  (fon) 
The  sum  of  td  and  tr. 
Turn-off  time  (tufr) 
The  sum  of  fs  and  t,. 


A  Practical  Consideration: 

In  some  cases,  the  spec  sheet  of 
a  BJT  will  list  ton  and  /off  in 
place  of  the  standard 


parameters.  When  tins  is  the 

case,  you  must  follow  the 


Switching  transistors 

Devices  with  extremely  low 
switching  times. 


0.35 


0.35 


IOO4  ( 1 00)(  1 8  ns) 


194  kHz 


This  is  nearly  twice  the  acceptable  /max  limit  of  the  2N3904.  Thus,  the  2N2369  can  be 
used  at  much  higher  switching  frequencies  than  the  2N3904. 
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OBJECTIVES  ► 

Inverter 

A  basic  switching  circuit  that 
produces  a  180°  voltage  phase 
shift. 

Buffer 

A  switching  circuit  that  does 
not  produce  a  voltage  phase 
shift. 


19.2.6  Switching  Circuit  Classifications 

Our  discussion  on  basic  switching  circuits  has  been  limited  to  a  specific  type  of  switching 
circuit  called  an  inverter.  An  inverter  has  a  180°  voltage  phase  shift  from  input  to  output. 
Looking  back  at  the  various  illustrations  of  BJT  and  FET  circuits,  you  will  see  that  every 
circuit  had  a  high  output  voltage  when  the  input  voltage  was  low,  and  vice  versa. 

Another  basic  switching  circuit  is  the  buffer.  A  buffer  is  a  switching  circuit  that  does 
not  introduce  a  180°  voltage  phase  shift.  The  BJT  and  FET  buffers  are  shown  in  Figure 
19.18.  As  you  can  see,  these  circuits  are  simply  the  emitter  follower  and  source  follower. 
When  a  square  wave  is  applied  to  any  of  these  circuits,  the  output  is  a  square  wave  that  is 
in  phase  with  the  input  signal.  Because  of  this,  we  must  redefine  the  Vout  descriptions  of 
td,  tn  ts,  and  tf.  For  the  buffer: 

1.  td  is  the  time  required  for  Vout  to  reach  10%  of  its  maximum  value. 

2.  t,.  is  the  time  required  for  VoUt  to  rise  from  10%  to  90%  of  its  maximum  value. 

3.  4  is  the  time  required  for  Km  to  drop  to  90%  of  its  maximum  value. 

4.  tf  is  the  time  required  for  Vout  to  drop  from  90%  to  10%  of  its  maximum  value. 

The  changes  in  the  Vout  definitions  for  the  buffer  are  necessary  because  it  does  not  pro¬ 
duce  a  180°  voltage  phase  shift.  Except  for  this  difference,  the  operation  of  the  buffer  and 
inverter  circuits  are  nearly  identical. 


+  ^CC  +VDD 


FIGURE  19.18  Some  basic  buffer  circuits. 

19.2.7  Summary 

A  waveform  made  up  of  alternating  (high  and  low)  dc  voltages  is  classified  as  a  rectangu¬ 
lar  waveform.  The  square  wave  is  a  special-case  rectangular  waveform  that  has  equal 
pulse-width  and  space-width  values. 

The  ideal  rectangular  waveform  would  have  instantaneous  transitions  from  high  to  low 
and  from  low  to  high.  However,  these  transitions  are  not  perfectly  vertical  in  practice.  To 
ensure  that  pulse-width,  space-width,  and  cycle-time  measurements  are  consistent,  these 
values  are  always  measured  at  the  50%  points  on  rectangular  waveforms,  that  is,  at  the 
points  where  the  amplitude  of  the  waveform  is  halfway  between  the  high  and  low  output 
voltage  levels. 

The  duty  cycle  of  a  rectangular  waveform  indicates  the  percentage  of  the  waveform 
taken  up  by  the  pulse  width.  Since  pulse  width  and  space  width  are  always  equal  for  a 
square  wave,  the  duty  cycle  of  a  square  wave  is  always  50%. 

The  time  between  the  input  and  output  changes  of  a  switching  circuit  is  referred  to  as 
propagation  delay.  For  discrete  devices,  four  switching  times  contribute  to  propagation  delay: 

1.  Delay  time  ( td ):  The  time  required  for  the  device  to  come  out  of  cutoff. 

2.  Rise  time  (4):  The  time  required  for  the  device  to  make  the  transition  from  cutoff  to 
saturation. 

3.  Storage  time  (4):  The  time  required  for  the  device  to  come  out  of  saturation. 

4.  Fall  time  (4):  The  time  required  for  the  device  to  make  the  transition  from  satura¬ 
tion  to  cutoff. 
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voltage: 
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FIGURE  19.19 


The  times  listed  are  measured  using  an  oscilloscope.  Figure  19.19  lists  these  times  and 
shows  where  they  are  measured  on  the  output  voltage  waveforms  for  the  inverter  and  the 
buffer.  As  you  can  see,  the  inverter  has  a  180°  voltage  phase  shift  from  input  to  output, 
while  the  buffer  does  not. 

The  propagation  delay  of  a  discrete  switch  can  be  reduced  by  the  use  of  a  speed-up 
capacitor.  The  speed-up  capacitor  reduces  delay  and  storage  time  in  the  BJT  and  storage 
time  (only)  in  an  FET  switch.  The  rise  time  of  a  device  determines  the  maximum  practi¬ 
cal  operating  frequency  of  a  switching  circuit.  Since  a  speed-up  capacitor  does  not  affect 
rise  time,  the  practical  limit  on/in  is  not  increased  when  a  speed-up  capacitor  is  added. 


◄  Section  Review 


1.  What  is  a  rectangular  waveform ? 

2.  Define  each  of  the  following  terms:  pulse  width,  space  width,  and  cycle  time. 

3.  What  is  a  square  wave! 

4.  Where  is  each  of  the  values  in  Question  2  measured  on  a  practical  rectangular  wave¬ 
form? 

5.  Why  do  we  need  a  standard  for  rectangular  waveform  time  measurements? 

6.  What  is  duty  cycle! 

7.  Why  do  all  square  waves  have  the  same  duty  cycle  value?  What  is  this  value? 

8.  What  is  propagation  delay ? 

9.  What  is  delay  time?  Describe  delay  time  in  terms  of  Ic  and  Vc. 


Section  19.2  Basic  Switching  Circuits:  Practical  Considerations 


10.  What  is  rise  time ?  Describe  rise  time  in  terms  of  Ic  and  Ve¬ 

il.  What  is  storage  time ?  Describe  storage  time  in  terms  of  Ic  and  Vc. 

12.  What  is  fall  timel  Describe  fall  time  in  terms  of  /c  and  Vc. 

13.  Which  of  the  switching  times  determines  the  practical  limit  on/in  for  the  device? 

14.  How  does  the  use  of  a  speed-up  capacitor  reduce  td  and  4? 

15.  What  effect  does  a  speed-up  capacitor  have  on  the  practical  frequency  limit  of  a 
BJT?  Explain  your  answer. 

16.  Define  turn-on  time  (l0„)  and  turn-off  time  (?off). 

17.  What  is  a  switching  transistor ? 

18.  What  is  the  primary  difference  between  the  inverter  and  the  buffer ? 

19.  List  the  points  where  td,  tn  ts,  and  tf  are  measured  on  the  output  voltage  of  a  buffer. 
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OBJECTIVE  6  ► 

Schmitt  trigger 

A  voltage-level  detector. 


Upper  trigger  point  (UTP) 

A  reference  voltage.  When  a 
positive-going  input  passes  the 
UTP,  the  Schmitt  trigger  output 
changes  state. 


In  Chapter  17,  you  were  introduced  to  the  comparator:  a  circuit  that  is  used  as  a  voltage- 
level  detector.  The  Schmitt  trigger  is  a  voltage-level  detector  that  is  similar  to  a  com¬ 
parator  in  many  aspects.  However,  there  are  some  key  differences  between  Schmitt  trig¬ 
ger  and  comparator  operation.  These  differences  (which  are  discussed  throughout  this 
section)  result  in  the  two  circuits  being  used  under  different  circumstances. 

Figure  19.20  shows  a  typical  input/output  combination  for  a  Schmitt  trigger.  Here’s  an 
overview  of  the  circuit’s  response  to  the  input  waveform: 

1.  When  the  input  makes  a  positive-going  transition  past  a  specified  voltage,  the  out¬ 
put  from  the  Schmitt  trigger  changes  from  one  voltage  level  (— Vout)  to  the  other 
(+yout).  The  voltage  at  which  this  change  occurs  is  referred  to  as  the  upper  trigger 
point  (UTP). 


^inO- 


Note:  The  symbol  shown 

in  the  block  is  commonly 
used  to  represent  Schmitt 
trigger  circuits 


- 0  ^out 

A 


Upper  trigger  Lower  trigger 


FIGURE  19.20  Schmitt  trigger  input  and  output  signals. 
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2.  When  the  input  makes  a  negative- going  transition  past  a  specified  voltage,  the  out¬ 
put  from  the  Schmitt  trigger  changes  from  +  Vout  to  -  Uoul.  The  voltage  at  which 
this  change  occurs  is  referred  to  as  the  lower  trigger  point  (LTP). 

The  UTP  and  LTP  values  are  determined  by  component  values  in  the  circuit.  Depending 
on  the  circuit  design,  the  UTP  and  LTP  values  may  or  may  not  be  equal.  However,  the 
LTP  (by  definition)  can  never  be  greater  than  the  UTP. 

The  concept  of  unequal  UTP  and  LTP  values  is  illustrated  in  Figure  19.21.  When  the  posi¬ 
tive-going  transition  of  the  input  passes  the  UTP  (at  v,),  the  output  changes  from  —  V^,,  to 
+  Vout.  After  the  sine  wave  peaks  and  begins  its  negative-going  transition,  it  passes  the  UTP 
again  (at  v2 ).  However,  the  output  remains  +  VoUt  until  the  LTP  is  reached.  When  the  negative¬ 
going  transition  of  the  input  passes  the  LTP,  the  Schmitt  trigger  output  returns  to  -  VOM. 


Lower  trigger  point  (LTP) 

A  reference  voltage.  When  a 
negative-going  input  passes  the 
LTP,  the  Schmitt  trigger  output 
changes  state. 


FIGURE  19.21  Unequal  UTP  and  LTP  values. 

The  waveforms  in  Figure  19.21  illustrate  that  the  circuit  is  unaffected  by  input  voltages 
that  lie  between  the  UTP  and  the  LTP.  This  concept  is  illustrated  further  in  Figure  19.22. 
Although  the  input  is  going  through  some  significant  changes,  the  output  changes  only  when: 

1.  The  UTP  is  reached  by  a  positive-going  transition. 

2.  The  LTP  is  reached  by  a  negative-going  transition. 


UTP 


LTP 
0  V 


FIGURE  19.22  Schmitt  trigger  hysteresis. 


No  input  voltage  between  the  UTP  and  the  LTP  affects  the  output  of  the  circuit.  Note 
that  the  range  of  voltages  between  the  UTP  and  LTP  is  often  referred  to  as  hysteresis.  For 
example,  if  Figure  19.22  has  values  of  UTP  =  + 10  V  and  LTP  =  +2  V,  the  hysteresis  of 
the  circuit  is  the  voltage  range  of  +2  V  <  Vin  <  + 10  V.  No  voltage  in  this  range  will 
cause  the  output  of  the  circuit  to  change  states  (dc  voltage  levels). 


Hysteresis 

A  term  that  is  sometimes  used 
to  describe  the  range  of  voltages 
between  the  UTP  and  the  LTP. 
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The  fact  that  the  Schmitt  trigger  can  have  different  UTP  and  LTP  values  is  one  of  the 
primary  differences  between  this  circuit  and  a  common  comparator.  The  comparator  has  a 
single  reference  voltage  used  as  a  basis  of  comparison  for  its  input  waveform.  However, 
the  Schmitt  trigger  may  compare  its  input  waveform  to  two  distinct  reference  voltages. 

19.3.1  Noninverting  Schmitt  Triggers 

The  noninverting  Schmitt  trigger  uses  a  simple  feedback  resistor  connected  as  shown  in 
Figure  19.23a.  Note  the  similarity  between  this  circuit  and  the  linear  inverting  amplifiers 
described  earlier.  The  difference  is  that  the  input  signal  is  applied  to  the  noninverting 
op-amp  input. 


+5  V 


FIGURE  19.23  Noninverting  Schmitt  trigger  operation. 


(b) 


Noninverting  Schmitt  trigger 

t>perat’ui>-  - 


Remember: 

The  value  of  VoUt  depends  on 
the  load  resistance  and  the 
supply  voltages.  As  long  as  the 
Ipadresistftnceisgreater  than . 
10  M2.  '.w  <.an  assume  that 


Using  the  component  values  shown,  we  will  analyze  the  operation  of  the  noninverting 
Schmitt  trigger  in  Figure  19.23a.  Note  that  R,„  =  Rf  =  10  kfi.  As  you  know,  the  high 
input  impedance  of  the  op-amp  causes  the  current  through  the  two  resistors  to  be  equal. 
Therefore,  the  voltages  across  the  components  are  also  equal.  This  is  a  key  point  in  the 
operation  of  the  circuit. 

We  will  start  our  discussion  of  the  circuit  operation  by  assuming  that  Vout  =  -4  V  (its 
negative  limit).  The  waveforms  in  Figure  19.23b  show  that  Vin  reaches  a  value  of  +4  V  at 
f0.  When  this  occurs,  there  is  a  4  V  difference  of  potential  across  each  resistor  in  the  cir¬ 
cuit,  and  the  noninverting  input  to  the  op-amp  is  at  0  V.  As  the  input  goes  more  positive 
than  +4  V,  the  noninverting  input  to  the  op-amp  becomes  more  positive  than  the  inverting 
input,  and  the  output  goes  to  +4  V.  ( Remember  The  maximum  output  is  approximately 
1  V  less  than  the  supply  voltage.) 

The  same  principle  applies  to  the  negative  alternation  of  the  input  cycle.  The  only  differ¬ 
ence  is  that  the  polarities  are  reversed.  With  the  output  of  the  circuit  at  +4  V,  the  input  must 
pass  —4  V  before  the  noninverting  input  goes  to  a  value  that  is  more  negative  than  the 
inverting  input.  When  this  happens,  the  output  returns  to  —  4  V,  and  the  cycle  repeats  itself. 

As  it  is  drawn,  the  Schmitt  trigger  in  Figure  19.23a  has  UTP  and  LTP  values  that  are 
equal  to  (+ V  —  IV)  and  (—  V  +  1  V).  By  changing  the  ratio  of  Rf  to  Rin,  we  can  set  the 
circuit  up  for  other  trigger  point  values.  Generally,  the  UTP  and  LTP  values  can  be  deter¬ 
mined  using  the  following  relationships: 

UTP= -'~(-Vout)  (19.5) 

Kf 

and 

LTP  =  -R^(  +  Voal)  (19.6) 

Kf 

The  following  example  demonstrates  the  use  of  these  two  equations. 
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EXAMPLE  19.7 


Determine  the  UTP  and  LTP  values  for  the  circuit  shown  in  Figure  19.24.  Also,  ver¬ 
ify  that  the  output  changes  states  when  the  UTP  and  LTP  values  are  exceeded. 


+13  V 


FIGURE  19.24 

Solution:  Using  equation  (19.5),  the  UTP  is  found  as 

UTP  =  -  vk-Uout)  =  (-0.2)(— 12  V)  =  2.4  V 
Rf 

The  LTP  is  found  using  equation  (19.6)  as  follows: 

LTP  =  -  ~(+Vout)  =  (-0.2X+12  V)  =  -2.4  V 
Rf 

The  UTP  value  can  be  verified  as  follows:  When  the  input  is  at  +2.4  V,  the  output 
is  still  at  - 12  V.  Using  the  standard  voltage-divider  formula,  we  can  calculate  the 
voltage  drop  across  This  voltage  drop  is  found  as 

V*jn  -  (Vin  -  V0gt)p%-  =  (14.4V)(0.167)  =  2.4V 

With  2.4  V  applied  to  the  circuit  and  a  2.4  V  drop  across  /?i„,  it  is  clear  that  the  volt¬ 
age  at  the  op-amp  input  is  0  V.  Therefore,  if  the  input  goes  any  higher  than  +2.4  V, 
the  noninverting  input  to  the  op-amp  becomes  more  positive  than  the  inverting 
input,  and  the  output  goes  to  +12  V.  The  same  method  can  be  used  to  validate  the 
value  of  LTP  =  —2.4  V.  The  output  produced  by  the  circuit  for  a  sine  wave  input  is 
shown  in  Figure  19.24b.  Note  that  the  output  changes  states  when  the  input  passes 
the  UTP  and  LTP  values  calculated  in  this  example. 

Practice  Problem  19.7 

A  noninverting  Schmitt  trigger  like  the  one  in  Figure  19.24  has  values  of  Rf  = 
33  kfl  and  Rin  =  11  kft.  Determine  the  UTP  and  LTP  values  for  the  circuit. 


The  noninverting  Schmitt  trigger  in  Figure  19.24  is  restricted  because  the  mag¬ 
nitudes  of  the  UTP  and  the  LTP  must  be  equal.  For  example,  the  UTP  is  +2.4  V,  so 
the  LTP  must  be  —2.4  V.  If  the  UTP  were  4  V,  the  LTP  would  have  to  be  —4  V.  How¬ 
ever,  the  noninverting  Schmitt  trigger  can  be  modified  so  that  the  magnitudes  of  the 
UTP  and  the  LTP  are  not  equal.  A  circuit  that  contains  this  modification  is  shown  in 
Figure  19.25. 

The  key  to  the  operation  of  this  circuit  is  that  l)\  and  D2  conduct  on  opposite  transi¬ 
tions  of  the  output.  When  the  output  from  the  Schmitt  trigger  is  negative,  Dl  conducts  and 
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FIGURE  19.25  A  noninverting  Schmitt  trigger  designed  for  unequal  UTP  and  LTP  values. 

D2  is  off.  This  means  that  Rfl  is  effectively  removed  from  the  circuit,  and  the  UTP  is 
found  as 


Remember: 

The  value  of  Pout  depends  on 
the  load  resistance  and  the 
supply  voltages.  As  long  as  the 


load  resistance  is  greater  than 
lOkll,  we  canassume  that 


UTP  =  -  ( -  Vou,  +  0.7  V) 


R 


l/i 


(19.7) 


When  the  output  is  positive,  D\  is  off  and  D2  conducts.  This  means  that  Rp  is  effectively 
removed  from  the  circuit,  and  the  LTP  is  found  as 


LTP=  -“(  +  PoUt-0.7V) 

Kf2 


(19.8) 


Since  the  UTP  and  LTP  are  determined  by  separate  feedback  resistors,  these  values  are 
completely  independent  of  each  other.  This  point  is  illustrated  in  Example  19.8. 


EXAMPLE  19.8  _ 

Determine  the  UTP  and  LTP  values  for  the  noninverting  Schmitt  trigger  shown  in 
Figure  19.26a. 


+12  V 


FIGURE  19.26 


Solution:  The  circuit  has  a  value  of  Vollt  =  1 1  V.  The  UTP  is  found  as 


R  13  kfl 

UTP  =  -  ^ (- Kut  +  0.7  V)  =  (-10.3  V)  =  3.09  V 

11  Ki  l 
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The  LTP  is  found  as 


LXP  =  -f(+you  +  0.7V)  = 
Kn 


3.3  kfl 
33  kfl 


(10.3  V)  =  - 1,03  V 


With  these  UTP  and  LTP  values,  the  circuit  in  Figure  19.26a  would  have  the  input/ 
output  relationship  shown  in  Figure  19.26b. 

Practice  Problem  19.8 

A  noninverting  Schmitt  trigger  like  the  one  in  Figure  19.26  has  ±  15  V  supply  volt¬ 
ages  and  the  following  resistor  values:  Rm  —  2  kfl,  Rp  =  20  kfl,  and  Rfl  =  14  kfl. 
Determine  the  UTP  and  LTP  values  for  the  circuit. 


The  circuits  in  this  section  are  noninverting  circuits;  that  is,  their  outputs  go  high  when 
the  UTP  is  passed  by  a  positive-going  input  signal  and  negative  when  the  LTP  is  passed 
by  a  negative-going  input  signal.  It  is  possible  to  wire  an  op-amp  as  an  inverting  Schmitt 
trigger  that  has  the  opposite  input/output  relationship  from  the  one  described  here;  that 
is,  the  output  goes  negative  when  the  UTP  is  passed  and  positive  when  the  LTP  is  passed. 
We  will  take  a  look  at  this  type  of  circuit  now. 


19.3.2  Inverting  Schmitt  Triggers 

A  basic  inverting  Schmitt  trigger  is  shown  in  Figure  19.27.  In  this  circuit,  the  input  (Vm) 
is  applied  to  the  inverting  terminal.  A  feedback  signal  is  applied  to  the  noninverting  ter¬ 
minal  from  the  junction  of  Rfl  and  Rfl. 


+  1/ 


FIGURE  19.27  An  inverting  op-amp  Schmitt  trigger. 


To  understand  the  operation  of  the  circuit,  we  must  first  establish  the  equations  for  the 
UTP  and  LTP.  The  UTP  for  the  circuit  in  Figure  19.27  is  found  as 


UTP 


k/2 


Rn  +  R 


(+Voat) 


•n 


and  the  LTP  is  found  as 


LTP 


Rf2 


Rfi  +  R, 


■c-vu) 


92 


(19.9) 


(19.10) 


Example  19.9  demonstrates  the  procedure  for  determining  the  UTP  and  LTP  values  for  an 
inverting  Schmitt  trigger  circuit. 


Lab  Reference:  The  operation  of 
an  inverting  Schmitt  trigger  is 
demonstrated  in  Exercise  32. 


Remember: 

The  value  of  Vou,  depends  on 
the  load  resistance  and  the 
supply  voltages.  As  long  as  the 
load  resistance  is  greaterthan 
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EXAMPLE  19.9 


Determine  the  UTP  and  LTP  values  for  the  circuit  shown  in  Figure  19.28. 


+10V 


FIGURE  19.28 


Solution:  The  quickest  approach  is  to  solve  the  resistance  ratio  in  the  circuit 
equations  first.  This  ratio  is  found  to  be 


R, 


7  2 


Rf\  t  Rfi 


0.33 


Now  the  UTP  is  found  as 


UTP  =  (0.33)(9  V)  =  3V 


and  the  LTP  is  now  found  as 


LTP  =  (0.33X-9V)  =  -3V 


Practice  Problem  19.9 

An  inverting  Schmitt  trigger  has  ±10  V  supply  voltages  and  values  of  Rfi  =  3  kil 
and  Rf2  =  1  kft.  Determine  the  UTP  and  LTP  values  for  the  circuit.  (Assume  that 
Rl>  10  kfl.) 


We  will  use  the  values  obtained  in  Example  19.9  to  explain  the  operation  of  the  circuit. 
First,  remember  that  we  are  dealing  with  an  inverting  Schmitt  trigger.  Therefore,  the  out¬ 
put  goes  low  when  the  UTP  is  passed  and  high  when  the  LTP  is  passed.  This  point  is 
illustrated  in  Figure  19.29.  The  waveforms  shown  here  are  the  input  and  output  wave¬ 
forms  for  the  circuit  in  Figure  19.28.  As  you  can  see,  the  input  and  output  waveforms  are 
out  of  phase  by  180°. 


FIGURE  19.29  Input/output  waveforms  for  an  inverting  Schmitt  trigger. 
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When  the  output  of  the  circuit  is  at  +9  V,  the  voltage  across  Rj2  is  +3  V.  As  the  input 
passes  +3  V  (at  t0),  the  output  switches  to  -9  V.  Now,  the  voltage  across  Rf2  is  -3  V. 

With  this  voltage  applied  to  the  noninverting  input  of  the  op-amp,  the  output  does  not 
switch  again  until  the  input  passes  —3  V  (at  ?,). 

The  basic  inverting  Schmitt  trigger  has  one  limitation.  If  you  look  at  Figure  19.28,  it  is  UTP  and  LTP  values  that  are 

not  very  difficult  to  figure  out  that  the  UTP  and  LTP  values  must  always  be  equal  in  mag-  equal  in  magnitude  are  called 

nitude  for  this  circuit.  This  is  due  to  the  constant  resistance  ratio  and  the  equal  magni-  symmetrical  trigger  points, 

tudes  of  the  two  output  voltages.  Tl^^pqiitK values  that  are 

The  inverting  Schmitt  trigger  can  be  modified  as  shown  in  Figure  19.30  to  allow  dif-  A^qual  in  magnitude  are 

ferent  UTP  and  LTP  values.  In  this  circuit,  the  UTP  is  determined  by  Du  RJl%  and  Rf3.  The  .called asymr,  >r„. u.j  trigger 

LTP  is  determined  by  D2,  Rf 2,  and  Rp.  For  example,  when  the  op-amp  output  is  positive , 

D1  is  forward  biased,  and  the  UTP  voltage  is  found  as 


By  using  different  feedback  resistor  values,  the  two  trigger  points  can  be  set  to  unequal 
(asymmetrical)  values. 


Remember: 

The  value  of  depends  on 
the  load  resistance  and  the 
supply  voltages.  As  long  as  the 


FIGURE  19.30  An  inverting  Schmitt  trigger  designed  for  unequal  (asymmetrical)  UTP 
and  LTP  values. 


19.3.3  One  Final  Note 

You  have  seen  that  the  Schmitt  trigger  is  a  voltage-level  detector  that  can  be  constructed  in 
noninverting  or  inverting  form.  When  the  input  signal  to  a  Schmitt  trigger  makes  a  positive¬ 
going  transition  past  the  UTP,  the  output  of  the  circuit  goes  to  one  dc  output  level.  The  out¬ 
put  remains  at  that  level  until  the  input  signal  makes  a  negative-going  transition  that  passes 
the  LTP.  At  that  time,  the  output  goes  to  the  other  dc  output  level.  The  dc  output  level  for  a 
specific  input  condition  depends  on  whether  the  Schmitt  trigger  is  an  inverting  or  a  non¬ 
inverting  circuit. 


1.  What  is  a  Schmitt  trigger ?  Section  Review 

2.  What  is  the  upper  trigger  point  (UTP)? 

3.  What  is  the  lower  trigger  point  (LTP)? 
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4.  What  is  hysteresis ? 

5.  Explain  the  operation  of  the  noninverting  Schmitt  trigger  in  Figure  19.23. 

6.  Explain  the  operation  of  the  noninverting  Schmitt  trigger  in  Figure  19.25. 

7.  Explain  the  operation  of  the  inverting  Schmitt  trigger  in  Figure  19.27. 

8.  Explain  the  operation  of  the  inverting  Schmitt  trigger  in  Figure  19.30. 


9.  Compare  and  contrast  the  Schmitt  trigger  and  the  comparator. 


19.4  Multivibrators:  The  555  Timer 


OBJECTIVE  7  ►  Multivibrators  are  circuits  designed  to  have  zero,  one,  or  two  stable  output  states.  The 
Multivibrators  concept  of  stable  output  states  is  illustrated  in  Figure  19.31. 

Circuits  designed  to  have  zero, 

one,  or  two  stable  output  states.  Input  Output 


(No  input  signal) 


JUUU1 


Astable  multivibrator 

A  switching  circuit  that  has  no 
stable  output  state. 

A  rectangular-wave  oscillator. 
Also  called  a  free-running 
multivibrator. 

Monostable  multivibrator 

A  switching  circuit  with  one 
stable  output  state.  Also  called 

a  one-shot. 

Bistable  multivibrator 

A  switching  circuit  with  two 
stable  output  states.  Also  called 

a  flip-flop. 


The  astable  multivibrator  is  a  switching  circuit  that  has  no  stable  output  state.  This 
means  that  output  switches  back  and  forth  constantly  between  two  dc  levels  as  long  as  it 
has  a  dc  supply  voltage  input.  In  effect,  the  circuit  acts  as  a  rectangular-wave  oscillator. 
Because  it  produces  an  output  continually,  the  astable  multivibrator  is  often  referred  to  as 

a  free-running  multivibrator. 

The  monostable  multivibrator  has  one  stable  output  state.  For  the  circuit  represented 
in  Figure  19.31b,  -  Vou,  is  the  stable  output  state.  When  the  circuit  receives  an  input  pulse, 
or  trigger,  it  switches  to  the  +  V  output  state  for  a  predetermined  period  of  time,  then  auto¬ 
matically  reverts  back  to  its  stable  output  state  (—  Vout).  The  duration  of  the  +  V  output  is 
determined  by  component  values  in  the  circuit.  Since  the  monostable  multivibrator  pro¬ 
duces  a  single  output  pulse  for  each  input  trigger,  it  is  generally  referred  to  as  a  one-shot. 

The  bistable  multivibrator  has  two  output  states.  When  the  proper  input  trigger  is 
received,  it  switches  from  one  output  state  to  the  other.  It  then  stays  at  the  new  output 
state  until  another  trigger  is  received,  returning  the  output  to  its  original  output  state.  The 
bistable  multivibrator  is  generally  referred  to  as  a  flip-flop. 

As  you  have  probably  figured  out  by  now,  the  term  astable  means  not  stable,  the 
term  monostable  means  one  stable  state,  and  the  term  bistable  means  two  stable  states. 
If  you  take  another  look  at  Figure  19.31,  you  might  notice  something  else  that  is  appro- 
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priate  about  these  names.  The  astable  multivibrator  has  no  signal  input.  The  one-shot 
generally  has  one  signal  input.  The  flip-flop  generally  has  two  signal  inputs.  Although 
there  are  some  exceptions  to  this,  the  input  relationships  shown  often  hold  true. 

Flip-flops  are  covered  extensively  in  any  digital  electronics  course,  so  they  are  not 
covered  in  depth  here.  Although  the  astable  and  monostable  multivibrators  are  also  cov¬ 
ered  in  digital  electronics,  they  are  discussed  here  to  give  you  an  introductory  idea  of  how 
these  circuits  operate. 

At  one  time,  multivibrators  were  commonly  constructed  using  discrete  components. 
However,  this  is  no  longer  the  case.  More  often  than  any  type  of  circuit  we  have  dis¬ 
cussed  thus  far,  multivibrators  are  constructed  using  ICs.  One  of  these  ICs  is  the  555 
timer,  an  8-pin  IC  that  can  be  used  for  a  variety  of  switching  applications.  Among  its 
many  applications  are  the  astable  and  monostable  multivibrator. 

A  single  555  timer  contains  all  the  active  components  required  to  produce  a  multivibra¬ 
tor.  By  connecting  the  proper  passive  components  to  the  IC,  you  determine  whether  it 
operates  as  a  free-running  circuit  or  as  a  one-shot.  In  this  section,  we  will  look  at  the  oper¬ 
ation  of  the  555  timer  and  how  it  can  be  made  to  operate  as  either  of  these  two  circuits. 


19.4.1  The  555  Timer 

The  555  timer  is  a  switching  circuit  contained  in  an  8-pin  IC.  Its  internal  circuitry  can  be  ◄  OBJECTIVE  8 
represented  using  two  comparators,  a  flip-flop,  an  inverter,  and  several  resistors  and  tran¬ 
sistors.  The  block  diagram  of  the  555  timer  is  shown  in  Figure  19.32. 


Control 

Vcc  Discharge  Threshold  voltage 


FIGURE  19.32  The  555  timer. 


Top  view 


Since  you  may  never  have  worked  with  an  IC  of  this  type  before,  there  are  a  few 
points  that  should  be  made.  In  Figure  19.32,  the  block  diagram  is  shown  inside  the  IC 
casing.  The  small  numbered  blocks  that  border  the  case  are  the  IC  pins.  Looking  at  the 
left  side  of  the  case,  you  will  see  that  there  is  a  small  indentation.  This  indentation  is  used 
to  identify  pin  1.  When  you  hold  a  555  timer  with  the  indentation  on  the  left,  pin  1  is  the 
lower-left  pin.  The  rest  of  the  pins  are  set  in  counterclockwise  order  around  the  case.  This 
is  identical  to  the  pin-numbering  scheme  for  the  741  op-amp. 

Inside  the  chip  are  two  comparators  (CA  and  CB),  a  flip-flop  (FF),  an  inverter  (I),  two 
transistors,  and  a  voltage  divider  (Rt  through  R3).  The  voltage  divider  is  used  to  set  the 
comparator  reference  voltages.  Since  Rx  —  R2  =  R3,  the  reference  voltages  for  CA  and  CB 
are  normally  equal  to  2hVCc  and  VS Vcc,  respectively.  The  only  exception  to  this  condition 


555  timer 

An  8-pin  IC  designed  for  use  in 
a  variety  of  switching 
applications. 
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occurs  when  the  control  voltage  input  to  the  timer  (pin  5)  is  used.  This  point  is  demon¬ 
strated  later  in  this  section. 

If  the  input  to  pin  6  is  greater  than  the  reference  voltage  for  CA,  the  output  from  that 
comparator  goes  high.  Otherwise,  it  remains  at  its  low  output  state.  If  the  input  at  pin  2  is 
lower  than  the  reference  voltage  for  CB,  the  output  from  that  comparator  goes  high. 
Otherwise,  it  remains  at  its  low  output  state. 

Under  normal  circumstances,  the  comparators  operate  in  one  of  three  input/output 
combinations,  as  shown  in  Figure  19.33.  Each  of  the  output  combinations  depends  on  the 
inputs  at  pins  2  and  6  of  the  timer.  Note  that  it  is  possible  to  drive  the  outputs  from  both 
comparators  high  at  the  same  time,  but  this  is  normally  avoided  because  of  the  effect  it 
will  have  on  the  flip-flop. 


Pin  6 


pipa 
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*  Invalid  input  state  (due  to  effect 
on  flip-flop  operation). 


Note:  For  each  comparator,  the  inputs  are 
designated  as  high  or  tow  with  respect 
to  the  reference  voltage. 


FIGURE  19.33  Comparator  input/output  combinations. 


What  is  the  purpose  of  the  reset 


The  flip-flop  responds  to  its  inputs  as  shown  in  Figure  19.34.  As  you  can  see,  having 
two  high  inputs  is  considered  to  be  “invalid.”  This  is  because  there  is  no  way  to  predict 
how  the  flip-flop  will  respond  to  that  condition.  If  it  were  to  receive  two  high  inputs,  the 
output  from  the  flip-flop  (labeled  Q )  could  be  high,  low,  or  anywhere  in  between  the  two. 
Thus,  the  comparator  input  combination  of  pin  6  =  high  and  pin  2  =  low  is  never 
allowed.  By  disallowing  this  comparator  input  combination,  the  flip-flop  never  receives 
two  high  inputs  at  the  same  time. 

We  need  to  clear  up  only  a  few  more  points  and  we  will  be  ready  to  look  at  some  cir¬ 
cuits.  First,  the  flip-flop  output  is  tied  to  the  discharge  output  (pin  7)  via  an  npn  transistor. 
This  transistor  is  merely  acting  as  a  current-controlled  switch.  When  the  output  from  the 
flip-flop  is  high,  pin  7  is  grounded  through  the  transistor.  When  the  output  from  the  flip- 
flop  is  low,  pin  7  appears  as  an  open  to  any  external  circuitry.  The  purpose  served  by  this 
pin  will  be  made  clear  when  we  discuss  some  basic  555  timer  circuits.  The  inverter  (pin  3) 
and  the  transistor  (pin  7)  both  invert  the  flip-flop  output.  The  reason  that  different  sym¬ 
bols  are  used  for  the  two  circuits  is  that  the  inverter  is  used  to  provide  some  current  gain 
for  the  flip-flop  output  while  the  transistor  is  used  only  as  a  switch. 

The  reset  input  (pin  4)  is  used  to  disable  the  555  timer.  Even  though  the  timer  functions 
(internally)  as  usual,  the  output  (pin  3)  is  held  low  whenever  pin  4  is  grounded.  This  input 
is  used  only  in  special  applications  and  is  usually  held  at  an  inactive  level  by  being  tied  to 
Vcc.  When  pin  4  is  tied  to  Vcc,  the  pnp  transistor  is  biased  off  and  the  555  timer  output 
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FIGURE  19.34  Flip-flop  input/output  combinations. 


'  Last  state.  The  Q  output 
remains  in  the  state  it  was  in 
before  the  input  combination 
occurred. 


operates  normally.  When  the  reset  input  is  low,  the  pnp  transistor  is  biased  on,  and  the  out¬ 
put  from  the  flip-flop  is  shorted  out  before  it  reaches  the  inverter.  In  all  our  circuits,  pin  4 
will  be  tied  to  Vcc,  thus  disabling  the  reset  circuit. 


19.4.2  The  Monostable  Multivibrator 


The  555  timer  can  be  converted  into  a  one-shot  with  the  addition  of  a  single  resistor  and  a  ◄  OBJECTIVE  9 
single  capacitor,  as  shown  in  Figure  19.35.  Before  we  get  into  the  operation  of  this  cir¬ 
cuit,  a  few  practical  observations  should  be  made: 


1.  The  reset  input  to  the  555  timer  (pin  4)  is  connected  to  ^cc>  which  disables  the 
reset  circuit. 

2.  Pins  8  and  1  are  tied  to  Vcc  and  ground,  respectively,  as  they  must  be  for  the  IC  to 
operate. 


FIGURE  19.35  The  555  timer  one-shot  (monostable  multivibrator). 
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3.  The  control  voltage  input  (pin  5)  is  not  connected  (N.C.).  This  means  that  this  pin  is 
left  open,  which  is  acceptable  when  the  control  voltage  input  is  not  used. 

4.  Pins  6  and  7  are  tied  together  between  R  and  C.  Thus,  the  capacitor  voltage  ( Vc )  is 
applied  to  both  of  these  pins. 


Lab  Reference:  The  operation  of  a 
555  timer  one-shot  is  demonstrated 
in  Exercise  33.  _ 


Now,  let’s  look  at  the  operation  of  the  circuit.  The  appropriate  waveforms  are  shown  in 
Figure  19.36.  To  start  with,  we  will  assume  that  something  caused  the  output  of  the  flip- 
flop  to  be  high  before  t0.  You  will  see  what  caused  this  condition  in  a  minute.  However, 
we  need  to  assume  this  high  flip-flop  output  to  understand  the  waveforms  at  t0. 


FIGURE  19.36  The  555  timer  one-shot  waveforms. 


What  happens  when  (  T)  goes 


Remember. 

Whenever  the  inputs  to  the  flip- 
flop  at^  not  equal,  Q  goes  to 
the  same  state  as  the  R  input. 
(This  is  verified  in  Fistore 


Between  t0  and  t2,  the  inactive  circuit  voltages  are  shown.  Normally,  the  trigger  input 
(T)  is  approximately  equal  to  Vcc  when  in  its  inactive  state.  This  ensures  that  the  output 
from  Cfl  is  low. 

Assuming  that  the  output  from  the  flip-flop  is  high,  we  know  that  pins  3  and  7  are  both 
tied  low.  The  low  output  at  pin  7  ensures  that  the  voltage  across  the  capacitor  (Vc)  is 
approximately  0  V,  as  shown  in  Figure  19.36.  This  low  voltage  is  applied  to  CA  via  pin  6. 
With  a  low  input  to  CA ,  its  output  is  low.  Since  both  inputs  to  the  flip-flop  are  low,  its  out¬ 
put  does  not  change  from  the  high  voltage  that  was  already  present.  The  circuit  voltages 
will  remain  as  shown  until  something  happens  to  change  them. 

At  t2,  the  trigger  (T)  input  is  driven  low.  When  this  occurs,  the  following  sequence  of 
events  takes  place: 

1.  The  low  input  to  CB  drives  the  output  of  the  comparator  high. 

2.  The  inputs  to  the  flip-flop  are  now  unequal,  and  Q  goes  to  the  same  level  as  the 
R  input,  which  is  low. 

3.  The  low  flip-flop  output  is  inverted  and  pin  3  goes  high,  as  shown  in  Figure  19.36. 

4.  The  low  flip-flop  output  biases  the  npn  transistor  off.  Thus,  the  capacitor  starts  to 
charge  toward  Vcc.  The  charge  time  of  the  capacitor  depends  on  the  values  of  R  and  C. 

5.  Eventually,  the  capacitor  charges  to  the  point  where  Vc>  + 10  V.  At  this  point,  the 
input  to  pin  6  is  high  (as  compared  to  the  voltage  at  the  other  CA  input). 

6.  The  high  input  to  CA  causes  the  comparator’s  output  to  go  high.  Since  the  trigger 
signal  is  no  longer  present,  the  output  from  CB  has  returned  to  a  low. 

7.  Since  the  inputs  to  the  flip-flop  are  unequal  again,  Q  switches  to  the  level  of  R, 
which  is  high. 

8.  The  high  output  from  the  flip-flop  causes  pin  3  to  go  low  again  (shown  at  t3). 

9.  The  high  flip-flop  output  turns  the  npn  transistor  back  on,  which  in  turn  discharges 
the  capacitor.  This  returns  all  circuit  potentials  to  their  original  values  (shown  at  t4). 


As  you  can  see,  our  initial  assumption  of  Q=  high  is  based  on  the  fact  that  the  flip-flop  is 
always  set  to  this  value  at  the  end  of  a  trigger  cycle. 
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At  this  point,  you  may  be  thinking  that  this  circuit  is  very  complex.  In  a  way  it  is,  but 
in  a  far  more  practical  sense,  it  is  not.  In  this  discussion,  we  have  considered  all  the 
details  of  the  internal  555  timer  response  to  a  trigger  input.  When  working  with  this  cir¬ 
cuit  in  a  practical  situation,  you  are  concerned  only  with  the  input/output  function  of  the 
timer.  In  fact,  look  at  the  diagram  shown  in  Figure  19.37.  This  is  what  you  will  see  when 
working  with  the  circuit  we  just  discussed.  All  you  have  is  one  IC,  one  resistor,  and  one 
capacitor.  If  the  circuit  does  not  work,  all  you  need  to  do  is  make  a  few  basic  measure¬ 
ments.  If  the  passive  components  check  out,  you  replace  the  555  timer.  How  is  that  for 
simple?  (We  will  discuss  the  entire  troubleshooting  process  later  in  this  section.) 


FIGURE  19.37  A  555  timer  one-shot. 

The  pulse  width  of  a  555  timer  one-shot  is  determined  by  the  values  of  R  and  C  used 
in  the  circuit.  The  charge  time  of  the  capacitor  in  an  RC  circuit  can  be  found  as 

(19.13) 

where  t  =  the  time  for  the  capacitor  to  charge  to  Vc 

Vs  =  the  source  voltage  used  to  charge  the  capacitor 
Vj  =  the  initial  charge  on  the  capacitor,  usually  0  V 
Vc  =  the  capacitor  voltage  of  interest 

Note  that  “In”  indicates  that  we  are  interested  in  the  natural  log  of  the  fraction.  For  the 
555  timer  one-shot,  the  charging  voltage  ( Vs )  for  the  capacitor  is  Vcc  and  the  initial 
charge  (V/)  on  the  capacitor  is  0  V.  Since  the  pulse  width  is  determined  by  the  time 
required  for  the  capacitor  to  charge  to  2AVCC,  we  use  this  value  as  Vc  in  the  charge  time 
equation.  With  these  values,  we  can  derive  a  useful  equation  that  allows  us  to  determine 
the  pulse  width  of  the  one-shot  for  given  values  of  R  and  C  as  follows: 


Example  19.10  demonstrates  the  use  of  this  equation. 


(19.14) 
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EXAMPLE  19.10 


Lab  Reference:  The  effect  of 
changing  C  on  the  PW  of  a  one-shot 
is  demonstrated  in  Exercise  33. _ 


ncgvmtchfif  ks. . 


A  one-shot  like  the  one  in  Figure  19.37  has  values  of  R  —  1.2  kfl  and  C  -  0.1  |xF. 
Determine  the  pulse  width  of  the  output. 

Solution:  The  pulse  width  is  found  as 

PW  =  1.1  RC  =  (1.1  X  1.2  kO)(0.1  (xF)  =  132  |xs 


Practice  Problem  19.10 

A  one-shot  like  the  one  in  Figure  1 9.37  has  values  of  R  =  18  kfl  and  C  =  1 .5  p.F. 
Determine  the  pulse  width  of  the  timer  output  signal. 


19.4.3  Circuit  Troubleshooting 

The  one-shot  in  Figure  19.37  is  extremely  simple  to  troubleshoot.  The  process  involves 
the  following  checks: 

■  Are  the  Vcc  and  ground  connections  good? 

*  Is  the  reset  input  held  at  an  inactive  level? 

■  Is  the  circuit  receiving  a  valid  trigger  signal? 

■  Is  the  resistor  good? 

■  Is  the  capacitor  good? 

If  the  answer  to  all  these  questions  is  yes,  replace  the  555  timer.  If  any  question  has  a  no, 
you  have  probably  found  the  problem. 

The  troubleshooting  procedure  shown  involves  checking  for  a  valid  trigger  signal.  Just 
what  is  a  valid  trigger  signal?  A  valid  trigger  signal  is  an  input  to  pin  2  that  is  low  enough 
to  cause  CB  to  have  a  high  output.  The  value  of  input  voltage  required  to  do  this  depends 
on  whether  the  control  voltage  input  is  used.  When  the  control  voltage  input  is  not  used,  a 
valid  input  trigger  is  one  that  fulfills  the  following  relationship: 

VT  <  ViVcc  (19.15) 

This  equation  is  based  on  the  fact  that  the  (+)  input  of  CB  is  at  ]/?>Vcc  when  the  control 
voltage  input  is  not  used.  Therefore,  the  ( T )  input  must  go  below  this  voltage  level  to 
cause  the  output  of  CB  to  go  high. 

When  a  control  voltage  is  applied  to  pin  5,  it  is  dropped  equally  across  R2  and  R3  in  the 
resistive  ladder.  Therefore,  the  voltage  at  the  (+)  input  of  CB  equals  one-half  the  control 
voltage.  In  this  case,  a  valid  input  trigger  is  one  that  fulfills  the  following  relationship: 

Vr  <  (4Vcon  (19.16) 

where  Vcon  is  the  voltage  at  the  control  voltage  input.  Example  19.11  demonstrates  the 
process  for  determining  the  input  trigger  voltages  that  are  valid  for  a  given  one-shot. 

EXAMPLE  19.11 _ 

Determine  the  values  of  VT  that  are  valid  for  each  of  the  one-shots  in  Figure  19.38. 

Solution:  The  circuit  shown  in  Figure  19.38a  uses  a  voltage  divider  to  provide  a 
control  voltage  input.  Using  the  standard  voltage-divider  formula,  the  control  volt¬ 
age  is  found  to  be  Vmn  =  +6  V.  Therefore,  any  valid  trigger  has  a  value  of 

VT<  l/iVCBn=  +3  V 

For  the  circuit  shown  in  Figure  19.38a,  the  low  trigger  voltage  must  be  lower  than 
+  3  V  for  the  circuit  to  trigger  properly. 
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FIGURE  19.38 


Since  the  circuit  shown  in  Figure  19.38b  has  an  open  control  voltage  input,  equa¬ 
tion  (19.13)  is  used  to  determine  the  valid  trigger  voltages  for  the  circuit  as  follows: 

VT  <  l/3  Vcc  =  +4  V 

Practice  Problem  19.11 

A  circuit  like  the  one  shown  in  Figure  19.38a  has  values  of  /?]  =  2  kft,  R2  = 
10  kfl,  and  /?3  =  30  kft.  If  Vcc  for  the  circuit  is  + 15  V,  what  values  of  VT  are  valid 
for  the  circuit? 


The  circuits  used  in  Example  19.11  demonstrate  the  advantage  of  using  the  control 
voltage  input  to  the  555  timer.  In  both  of  these  circuits,  the  output  is  a  pulse  that  has 
peak  voltages  of  0  and  +12  V  (approximately).  However,  the  circuit  shown  in  Figure 
19.38a  can  be  triggered  by  a  lower  voltage  than  the  one  in  Figure  19.38b.  If  we  had 
wanted  a  +3  V  trigger  without  using  the  control  voltage  input,  we  would  have  had  to  use 
a  +9  V  supply.  In  other  words,  by  using  the  control  voltage  input,  we  can  select  any  trig¬ 
ger  signal  level  for  the  circuit  without  having  to  change  Vcc  and,  thus,  the  maximum 
possible  peak  output  value  from  the  timer. 

Using  the  values  obtained  in  Example  19.11,  we  can  determine  which  trigger  signals 
are  valid  and  which  are  not.  For  example,  consider  the  trigger  signals  shown  in  Figure 
19.39.  All  three  of  the  trigger  signals  in  Figure  19.39a  are  valid  for  either  circuit  shown  in 
Figure  19.38.  Since  they  are  all  less  than  the  upper  limit  for  VT,  they  will  all  cause  the  two 
circuits  to  trigger  properly. 

The  first  trigger  signal  in  Figure  19.39b  (VT  =  +3.2  V)  will  work  for  the  circuit  shown 
in  Figure  19.38b,  as  will  the  second  trigger  signal  (VT  =  +3.5  V).  However,  neither  of 
these  trigger  signals  will  work  for  the  circuit  shown  in  Figure  19.38a  because  their  low 
levels  are  greater  than  the  maximum  value  of  VT  for  that  circuit.  The  third  waveform 
shown  will  not  work  for  either  circuit. 

An  important  point  needs  to  be  made  at  this  time.  The  first  waveform  in  Figure 
19.39b  may  cause  the  circuit  shown  in  Figure  19.38a  to  operate  intermittently.  This 
means  that  it  is  close  enough  to  the  value  of  VT  to  work  one  time  but  not  work  another. 
An  example  of  intermittent  operation  is  illustrated  in  Figure  19.40.  Note  that  the  output 
triggers  on  two  of  the  input  signals  but  not  on  the  other  two.  Any  time  that  you  have  an 
intermittent  problem  in  a  switching  circuit,  the  trigger  signal  should  be  suspect.  In  most 
cases,  the  intermittent  operation  is  caused  by  a  trigger  signal  that  is  not  going  low  (or 
high)  enough. 


j  What  is  the  advantage  of  using 
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FIGURE  19.39  One-shot  trigger  signals. 


FIGURE  19.40  One-shot  intermittent  operation. 

Sometimes  an  intermittent  problem  can  develop  when  a  one-shot  is  operated  at  a 
relatively  high  frequency.  In  this  case,  the  problem  is  the  switching  rate  of  the  555  and 
not  the  trigger  signal.  You  see,  when  the  555  timer  switches  from  one  output  state 
to  another,  there  is  an  instant  when  an  effective  short  circuit  may  develop  inside  the 
chip  between  the  Vcc  and  ground  pins.  The  cause  of  this  condition  is  the  active  com¬ 
ponents  switching  through  their  active  regions.  The  cure  for  this  problem  is  to  use 
a  decoupling  capacitor  between  the  Vcc  and  ground  pins  of  the  chip,  as  shown  in 
Figure  19.41. 


+Vcc 


FIGURE  19.41  Use  of  a  decoupling  capacitor  (CD)  can  eliminate  intermittent  output 
problems. 
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If  a  one-shot  circuit  has  a  frequency-related  intermittent  problem,  the  decoupling 
capacitor  helps  to  eliminate  the  problem  by  holding  the  supply  current  ( Icc )  relatively 
constant  during  the  switching  time.  Note  that  CD  is  typically  around  0. 1  pF. 

How  do  you  know  when  an  intermittent  problem  is  caused  by  the  circuit  operating  fre¬ 
quency?  Check  the  trigger  signal.  If  the  trigger  signal  is  valid,  odds  are  that  the  problem 
is  related  to  the  input  frequency  of  the  circuit. 

19.4.4  The  Astable  Multivibrator 

The  555  timer  can  be  wired  for  free-running  operation,  as  shown  in  Figure  19.42.  Note 
that  the  circuit  contains  two  resistors  and  one  capacitor  and  does  not  have  an  input 
trigger  from  any  other  circuit.  The  lack  of  a  trigger  signal  from  an  external  source  is  the 
circuit  recognition  feature  of  the  free-running  multivibrator. 


The  key  to  the  operation  of  this  circuit  is  that  the  capacitor  is  connected  to  both  the 
trigger  input  (pin  2)  and  the  threshold  input  (pin  6).  Thus,  if  the  capacitor  is  caused  to 
charge  and  discharge  between  the  threshold  voltage  (2AVCC)  and  the  trigger  voltage 
(lAVcc),  the  timer  produces  a  steady  train  of  pulses.  This  point  is  illustrated  in  Figure 
19.43.  Since  pins  6  and  2  are  tied  together,  their  voltage  values  are  always  equal.  When 
Vc  charges  to  2A  Vcc,  both  inputs  are  high  and  the  output  from  the  timer  goes  low.  When 
Vc  discharges  to  lAVcc,  both  inputs  are  low  and  the  output  from  the  timer  goes  high. 

The  charge-discharge  action  of  Cx  is  caused  by  the  555  timer  internal  circuitry.  To  see 
how  this  is  accomplished,  we  will  start  by  making  a  few  assumptions: 

1.  The  capacitor  is  just  starting  to  charge  toward  the  threshold  voltage,  Vth. 

2.  The  output  from  the  flip-flop  is  low,  causing  pin  3  to  be  high  and  pin  7  to  be  open. 

With  pin  7  open,  the  capacitor  is  charged  by  Vcc  via  RA  and  RB.  As  the  capacitor  charges, 
Vc  eventually  reaches  Fth.  At  this  point,  both  inputs  to  the  555  timer  are  high,  which  causes 


Lab  Reference:  The  operation  of  a 
555  timer  free-running 
multivibrator  is  demonstrated  in 
Exercise  33. 
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Threshold  voltage 
(V,h) 


Trigger  voltage 
(VT) 


the  output  from  the  flip-flop  to  go  high.  The  high  output  from  the  flip-flop  causes  the  output 
(pin  3)  to  go  low  and  biases  the  npn  transistor  on.  Thus,  pin  7  is  now  shorted  to  ground  (via 
the  transistor),  providing  a  discharge  path  for  the  capacitor  (via  RB).  When  the  capacitor  dis¬ 
charges  to  the  point  where  Vc  =  VT,  both  comparator  inputs  are  low,  which  causes  the  out¬ 
put  from  the  flip-flop  to  go  low.  When  the  flip-flop  output  changes,  the  timer  output  goes 
high,  pin  7  returns  to  its  open  condition,  and  the  cycle  begins  again. 

The  output  cycle  time  for  the  free-running  multivibrator  is  found  as 

T  =  0.693[(J?A  +  2Rg)Cl]  (19.17) 


Converting  equation  (19.15)  into  a  frequency  form  yields  the  following  equation  for  the 
operating  frequency  of  the  circuit: 


aaaaa 

fo  = 


0.693 [(Ra  +  2Rb)Ci] 


or 


/o  = 


1.44 


( Ra  +  2RB)Ci 


(19.18) 


The  duty  cycle  of  the  free-running  multivibrator  is  the  ratio  of  the  pulse  width  to  the 
cycle  time.  If  you  look  at  the  waveforms  in  Figure  19.43,  you’ll  see  that  the  pulse  width 
and  cycle  time  of  the  circuit  are  determined  by  the  charge  and  discharge  times  of  Cx.  We 
already  know  from  equation  (19.15)  that  the  cycle  time  is  equal  to  0.693[(/?/4  +  2RB)C\\. 
The  pulse  width  of  the  circuit  is  found  as 

PW  =  0.693[(RA  +  Rb)Q]  (19.19) 


If  we  use  the  charge/discharge  equations  in  place  of  PW  and  cycle  time  in  the  duty  cycle 
equation,  we  obtain  the  following  useful  equation: 


or 


duty  cycle  100 

'  ’  0.693KS,  +  2«,)C,1 


duty  cycle 


Ra  Rp 
Ra  +  2  RB 


X  100 


(19.20) 


Example  19.12  demonstrates  the  basic  analysis  of  a  free-running  multivibrator. 
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EXAMPLE  19.12 


Determine  the  values  of  /0  and  duty  cycle  of  the  circuit  shown  in  Figure  19.44. 
Also,  determine  the  pulse  width  of  the  circuit. 


f - o 


FIGURE  19.44 


Solution:  The  circuit  operating  frequency  is  found  as 
1.44  1.44 


/«  = 


(Ra  +  2R(t)C\  (3  ktt  +  5.4  kft)(0.033  |xF) 

The  duty  cycle  of  the  circuit  is  found  as 


5.19  kHz 


Ra  +  2Rb  X  8.4  kfl 


X  100  =  67.9% 


Finally,  the  pulse  width  of  the  circuit  is  found  as 

PW  =  0.693K**  +  RB)Ct]  =  0.693(5.7  ka)(0.033  p,F)  =  130  pis 


Practice  Problem  19.12 

A  circuit  like  the  one  shown  in  Figure  19.44  has  the  following  values:  Vcc  = 
+  10  V,  Ra  =  5.1  kfl,  Rb  =  2.2  kfl,  and  C\  —  0.022  (jlF.  Determine  the  values  of 
/o,  duty  cycle,  and  output  pulse  width  for  the  circuit. 


At  this  point,  you  might  be  wondering  why  the  free-running  multivibrator  requires  two  Why  are  two  resistors  used  in 
resistors  in  its  RC  network.  After  all,  we  required  only  a  single  resistor  for  the  one-shot.  To 
answer  this  question,  let’s  take  a  look  at  what  would  happen  if  either  RA  or  Rg  were  shorted. 

If  we  short  RA,  we  have  a  single  resistor,  RB,  between  pins  6  and  7.  This  situation  is 
unacceptable  because  the  555  timer  will  short  circuit  the  power  supply  when  pin  7  goes 
low.  Recall  that  pin  7  goes  low  during  every  discharge  cycle.  If  RA  is  shorted,  this  low 
output  is  connected  directly  to  Vcc.  The  result  is  a  “well-done”  555  timer.  Thus,  we  must 
have  a  resistor  between  pin  7  and  Vcc- 

If  RH  were  shorted,  there  would  be  no  RC  circuit  during  the  discharge  cycle  of  C,.  As  you 
have  been  shown,  C,  charges  through  (RA  +  RB)  and  discharges  through  RB.  If  RB  is  replaced 
with  a  short  circuit,  the  discharge  cycle  time  will  be  near  zero,  and  the  duty  cycle  will 
approach  100%  (an  unacceptable  situation).  Thus,  RB  is  also  required  for  proper  operation. 
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19.4.5  Circuit  Troubleshooting 

The  process  for  troubleshooting  the  free-running  circuit  is  nearly  the  same  as  the  proce¬ 
dure  used  on  the  one-shot.  The  only  difference  is  that  you  have  two  resistors  that  must  be 
verified  as  good.  All  other  tests  remain  the  same. 


19.4.6  Voltage-Controlled  Oscillators 


OBJECTIVE  10  ► 


Voltage-controlled  oscillator 
(VCO) 

A  free-running  oscillator  whose 
output  frequency  is  controlled 
by  a  dc  input  voltage. 


Don ’t  Forget: 

Va,  is  the  voltage  that  triggers 


The  555  can  be  modified  to  form  a  circuit  called  a  voltage-controlled  oscillator 
(VCO).  A  VCO  (shown  in  Figure  19.45)  is  a  free-running  oscillator  whose  output  fre¬ 
quency  depends  on  a  dc  input  control  voltage,  Vcon.  When  applied  to  pin  5  of  the  timer, 
the  dc  control  voltage  becomes  the  reference  voltage  (V[c{)  for  CA.  The  reference  volt¬ 
age  for  CB  is  half  the  dc  control  voltage.  As  the  control  voltage  is  increased  (by  adjust¬ 
ing  the  potentiometer),  the  circuit  output  frequency  decreases  (and  vice  versa)  because 
the  dc  control  voltage  directly  affects  the  values  of  Vtt)  and  VT.  For  example,  when  Vcon 
is  set  to  + 10  V,  the  value  of  Vth  also  becomes  + 10  V,  and  VT  becomes  one-half  of  Vcon, 
or  +5  V.  Capacitor  Ci  must  charge  to  the  value  of  Vcon  (+ 10  V)  to  change  the  output  of 
the  comparator,  CA,  and  discharge  to  the  value  of  VT  (+5  V)  to  cause  the  output  of  CB 
to  change  states. 


*A 

A/VV — r 


Re 

VvV 


^out 


(a) 

FIGURE  19.45  A  voltage-controlled  oscillator  (VCO). 


■mm 


(b) 


When  the  dc  control  voltage  is  changed,  the  values  of  Vth  and  VT  also  change.  If  Vcon  is 
changed  to  +7  V,  C{  only  needs  to  change  to  +7  V  and  discharge  to  +3.5  V  to  produce 
an  output  cycle.  This  reduces  the  time  required  to  charge  and  discharge  the  capacitor, 
which  causes  the  output  state  of  both  comparators  to  switch  at  a  faster  rate.  The  faster  the 
comparators’  switch  rates,  the  higher  the  output  frequency  for  the  circuit. 


19.4.7  One  Final  Note 

In  this  chapter,  we  have  barely  scratched  the  surface  of  the  entire  subject  of  switching  cir¬ 
cuits.  The  study  of  digital  electronics  provides  complete  coverage  of  the  subject.  How¬ 
ever,  this  chapter  has  provided  you  with  the  fundamental  principles  of  switching  circuits 
in  such  a  way  as  to  aid  in  your  study  of  digital  electronics. 
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1.  What  is  a  multivibrator ? 

2.  Describe  the  output  characteristics  of  each  of  the  following  circuits: 

a.  Astable  multivibrator  (free-running  multivibrator). 

b.  Monostable  multivibrator  (one-shot). 

c.  Bistable  multivibrator  (flip-flop). 

3.  What  is  the  555  timer ? 

4.  List  the  input/output  relationships  for  the  555  timer. 

5.  Briefly  describe  the  operation  of  the  monostable  multivibrator  (one-shot). 

6.  What  checks  are  made  when  troubleshooting  a  one-shot? 

7.  Briefly  describe  the  operation  of  the  astable  (free-running)  multivibrator. 

8.  Describe  the  operation  of  the  voltage-controlled  oscillator  (VCO). 


Here  is  a  summary  of  the  major  points  made  in  this  chapter: 

1.  Circuits  designed  to  respond  to  (or  generate)  rectangular  waveforms  are  referred  to 
as  switching  circuits. 

2.  A  BJT  can  be  used  as  a  switch  by  driving  the  component  back  and  forth  between 
saturation  and  cutoff. 

a.  Ideally,  Vce  ~  Vcc  and  Ic  =  0  A  when  a  BJT  switch  is  in  cutoff.  These  condi¬ 
tions  match  those  of  an  open  switch.  (See  Figure  19.2.) 

b.  Ideally,  VCE  —  0  V  and  Ic  =  Vcc/Rc  when  a  BJT  switch  is  in  saturation.  These 
conditions  match  those  of  a  closed  switch.  (See  Figure  19.2.) 

3.  In  practice,  VCE  is  usually  within  1  V  of  Vcc  when  a  BJT  is  in  cutoff  and  some¬ 
where  between  0.2  and  0.4  V  when  the  device  is  saturated. 

a.  When  in  cutoff,  VCE  Vcc  because  transistor  leakage  current  causes  some  volt¬ 
age  to  be  dropped  across  the  collector  resistor. 

b.  When  saturated,  VCe  ^  0  V  because  the  device  current  develops  some  voltage 
across  the  internal  resistance  of  the  transistor. 

4.  JFET  switches  differ  from  BJT  switches  because: 

a.  They  have  higher  input  impedance. 

b.  An  input  voltage  of  one  polarity  is  used  to  produce  an  output  of  the  opposite 
polarity  (see  Figure  19.4). 

5.  A  MOSFET  switch  has  the  input  impedance  advantage  of  a  JFET  switch  and  the 
input/output  polarity  relationship  of  a  BJT  switch. 

6.  Since  the  D-MOSFET  can  be  operated  in  the  enhancement  mode,  it  can  produce  a 
positive  output  signal  with  a  positive  input  signal.  The  input  and  output  signals  are 
180°  out  of  phase. 

7.  A  trade-off  exists  in  a  MOSFET  switch  that  involves  the  required  high  and  low  out¬ 
put  values  and  the  value  of  the  drain  resistor  (see  Example  19.3).  The  trade-off  is 
eliminated  by  using  CMOS  switching  circuits. 

8.  A  CMOS  switch  uses  n-channel  and  p-channel  MOSFETs  connected  in  series 
between  the  dc  power  supply  and  ground  (see  Figure  19.8). 

a.  A  low  input  turns  the  upper  MOSFET  on  and  the  lower  MOSFET  off,  coupling 
the  output  to  Vss. 

b.  A  high  input  turns  the  upper  MOSFET  off  and  the  lower  MOSFET  on,  coupling 
the  output  to  ground. 

9.  A  driver  is  a  circuit  used  to  couple  a  low-current  output  to  a  relatively  high-current 
device  (see  Figure  19.9). 

10.  Any  waveform  made  up  of  alternating  (high  and  low)  dc  voltages  is  generally 
referred  to  as  a  rectangular  waveform  (see  Figure  19.10). 

a.  The  time  spent  in  the  high  output  state  is  generally  referred  to  as  the  pulse  width 
(PW). 
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b.  The  time  spent  in  the  low  output  state  is  generally  referred  to  as  the  space 
width  (SW), 

c.  The  sum  of  pulse  width  (PW)  and  space  width  (SW)  equals  the  cycle  time  of  the 
waveform. 

11.  A  square  wave  is  a  rectangular  waveform  with  equal  PW  and  SW  values. 

12.  The  ideal  rectangular  waveform  switches  from  low  to  high  and  high  to  low 
instantly. 

a.  In  practice,  it  takes  some  finite  amount  of  time  for  the  transitions  to  occur. 

b.  As  a  standard,  all  time-related  measurements  are  taken  at  the  50%  point  on  the 
waveform,  that  is,  halfway  between  the  low  and  high  voltage  levels. 

See  Example  19.4. 

13.  The  duty  cycle  of  a  waveform  is  the  ratio  of  PW  to  cycle  time,  measured  as  a 
percentage. 

14.  By  definition,  the  duty  cycle  of  a  square  wave  is  50%. 

15.  Propagation  delay  is  a  time  delay  between  input  and  output  transitions,  measured  at 
the  50%  points  on  the  two  waveforms. 

16.  There  are  four  sources  of  propagation  delay  in  a  BJT  switch:  delay  time,  rise  time, 
storage  time,  and  fall  time  (see  Figure  19.12). 

17.  Delay  time  (td)  is  the  time  required  for  a  BJT  to  come  out  of  cutoff.  It  is  the  time 
required  for: 

a.  Ic  to  increase  to  10%  of  its  maximum  value. 

b.  Vc  to  decrease  to  90%  of  its  maximum  value. 

18.  Rise  time  (tr)  is  the  time  required  for  a  BJT  to  make  the  transition  from  cutoff  to 
saturation  (through  the  active  region).  It  is  the  time  required  for: 

a.  Ic  to  increase  from  10%  to  90%  of  its  maximum  value. 

b.  Vc  to  decrease  from  90%  to  10%  of  its  maximum  value. 

19.  Storage  time  (ts)  is  the  time  required  for  a  BJT  to  come  out  of  saturation.  It  is  the 
time  required  for: 

a.  lc  to  decrease  to  90%  of  its  maximum  value. 

b.  Vc  to  increase  to  10%  of  its  maximum  value. 

20.  Fall  time  (tf)  is  the  time  required  for  a  BJT  to  make  the  transition  from  saturation  to 
cutoff  (through  the  active  region).  It  is  the  time  required  for: 

a.  lc  to  decrease  from  90%  to  10%  of  its  maximum  value. 

b.  Vc  to  increase  from  10%  to  90%  of  its  maximum  value. 

21.  Delay  time  and  storage  time  account  for  the  delay  between  an  input  transition  and 
the  start  of  the  output  transition  (see  Figure  19.13). 

22.  Rise  time  and  fall  time  account  for  the  slope  in  the  output  transitions  of  a  BJT 
switch  (see  Figure  19.13). 

23.  The  values  of  td,  tn  ts,  and  tf  are  usually  listed  in  the  spec  sheet  for  a  given  BJT. 

24.  Rise  time  and  fall  time  are  functions  of  the  physical  construction  of  a  BJT  and  can¬ 
not  be  decreased. 

25.  Delay  time  and  storage  time  can  be  reduced  by  using  a  speed-up  capacitor  (see  Fig¬ 
ure  19.16). 

a.  The  capacitor  effectively  bypasses  the  base  resistor  during  both  transitions  of  the 
input  signal. 

b.  On  the  positive-going  transition,  this  generates  a  high  initial  base  current 
that  helps  reduce  delay  time  (see  Figure  19.17). 

c.  On  the  negative-going  transition,  this  generates  a  high  initial  reverse  bias  that 
helps  reduce  storage  time  (see  Figure  19.17). 

26.  Since  JFETs  are  voltage-controlled  devices,  a  speed-up  capacitor  improves  only  the 
turn-off  time  of  the  component. 

27.  Switching  transistors  are  designed  for  extremely  low  switching  times. 

28.  An  inverter  is  a  basic  switching  circuit  that  produces  a  180°  voltage  phase  shift 
from  input  to  output. 

29.  A  buffer  is  a  switching  circuit  that  does  not  produce  a  voltage  phase  shift. 

30.  The  switching  times  for  a  BJT  buffer  are  measured  as  shown  in  Figure  19.19. 


826 


Chapter  19 


Solid-State  Switching  Circuits 


31.  A  Schmitt  trigger  is  a  voltage-level  detector  that  is  similar  to  a  comparator  in  many 
respects. 

a.  When  the  input  makes  a  positive-going  transition  past  a  specified  voltage,  called 
the  upper  trigger  point  (UTP),  the  output  switches  from  one  dc  voltage  level  to 
another. 

b.  When  the  input  makes  a  negative-going  transition  past  a  specified  voltage,  called 
the  lower  trigger  point  (LTP),  the  output  switches  back  to  the  original  output 
voltage  level. 

c.  The  UTP  and  LTP  values  are  determined  by  circuit  component  values. 

32.  The  range  of  voltages  between  the  UTP  and  LTP  values  is  sometimes  referred  to  as 
hysteresis. 

33.  The  fact  that  the  Schmitt  trigger  has  unequal  UTP  and  LTP  values  distinguishes  the 
circuit  from  a  common  comparator,  which  is  restricted  (by  design)  to  a  single  refer¬ 
ence  voltage. 

34.  A  noninverting  Schmitt  trigger  can  be  constructed  as  shown  in  Figure  19.23. 

a.  The  circuit  shown  has  UTP  and  LTP  values  that  are  equal  in  magnitude  and 
opposite  in  polarity. 

b.  The  UTP  and  LTP  values  for  the  circuit  are  calculated  as  shown  in  Example 
19.7. 

35.  A  noninverting  Schmitt  trigger  can  be  modified  to  allow  for  UTP  and  LTP  values 
that  differ  in  magnitude  (see  Example  19.8). 

36.  An  inverting  Schmitt  trigger  can  be  modified  to  allow  for  unequal  UTP  and  LTP 
values,  as  shown  in  Figure  19.30. 

37.  A  multivibrator  is  a  circuit  designed  to  have  zero,  one,  or  two  stable  output  states 
(see  Figure  19.31). 

a.  The  astable  multivibrator  (or  free-running  multivibrator )  has  no  stable  output 
state.  It  is  essentially  a  rectangular-wave  oscillator. 

b.  The  monostable  multivibrator  (or  one-shot)  has  one  stable  output  state.  When 
the  circuit  receives  a  trigger,  it  switches  to  its  high  output  state  for  a  set  period  of 
time,  then  automatically  reverts  to  its  stable  (low)  output  state. 

c.  The  bistable  multivibrator  (or  flip-flop)  has  two  stable  output  states.  When  the 
proper  trigger  is  received,  it  switches  from  one  output  state  to  the  other.  It 
remains  at  this  output  state  until  it  receives  another  trigger,  which  returns  it  to  its 
original  output  state. 

38.  The  555  timer  is  an  8-pin  IC  that  can  be  used  in  a  variety  of  switching  applications. 

a.  The  internal  circuitry  is  typically  represented  as  two  comparators,  a  flip-flop,  an 
inverter,  and  several  resistors  and  transistors  (see  Figure  19.32). 

b.  When  you  hold  a  555  timer  with  the  indentation  on  the  left,  pin  1  is  located  in 
the  lower-left  corner.  The  remaining  pins  are  set  in  counterclockwise  order 
around  the  IC. 

39.  Comparator  operation  is  illustrated  in  Figure  19.33. 

a.  The  reference  voltages  for  the  comparators  are  set  by  the  input  voltage  divider, 
ground,  and  Vcc  (except  when  the  control  voltage  input  is  used). 

b.  The  input  combination  of  pin  6  =  high  and  pin  2  =  low  is  avoided  because  it 
provides  an  unacceptable  combination  of  inputs  to  the  flip-flop. 

40.  Flip-flop  operation  is  illustrated  in  Figure  19.34. 

a.  An  input  combination  of  S  =  high  and  R  =  high  is  invalid  because  there  is  no 
way  of  predicting  the  output  response  of  the  component. 

b.  Whenever  the  inputs  (S  and  I?)  are  not  equal,  the  output  voltage  equals  the  volt¬ 
age  at  the  R  input. 

41.  The  internal  transistor  connected  to  pin  7  of  the  timer  is  used  to  provide  a  low- 
resistance  path  to  ground  when  it  receives  a  high  input  from  the  flip-flop. 

42.  The  reset  input,  when  low,  blocks  the  output  from  the  555  timer.  The  internal  circuit 
works  (up  to  the  flip-flop),  but  the  output  pin  is  held  high. 

43.  The  555  timer  can  be  wired  as  a  monostable  multivibrator,  or  one-shot  (see  Figure 
19.35). 
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44.  Example  19.11  demonstrates  the  effect  of  using  the  control  voltage  input  on  the 
operation  of  the  555  timer  one-shot. 

45.  Intermittent  operation  of  a  555  timer  one-shot  can  be  caused  by: 

a.  A  trigger  input  that  approaches,  but  does  not  drop  below,  the  upper  limit  for  a 
valid  input  trigger. 

b.  Operating  the  circuit  at  a  relatively  high  frequency.  This  problem  is  resolved 
by  placing  a  decoupling  capacitor  between  Vcc  and  ground  (see  Figure 
19.41). 

46.  The  555  timer  can  be  wired  as  an  astable  ( free-running )  multivibrator  (see  Figure 
19.42).  The  output  is  developed  by  the  charge/discharge  action  of  an  external 
capacitor. 

47.  The  555  can  be  modified  to  form  a  voltage-controlled  oscillator  (VCO).  This  cir¬ 
cuit  is  essentially  a  free-running  multivibrator  whose  output  frequency  is  controlled 
by  a  dc  input  control  voltage  (see  Figure  19.45). 

a.  The  potentiometer  in  the  circuit  is  used  to  adjust  the  dc  control  voltage. 

b.  When  the  dc  control  voltage  increases,  the  output  frequency  decreases,  and  vice 
versa. 


EQUATION  SUMMARY 

Equation  Number 

Equation 

Section  Number 

(19.1) 

pulse  cycle 

duty  cycle  =  X  100 

cycle  time 

19.2 

(19.2) 

CO  ^ 

o 

II 

19.2 

(19.3) 

0.35 

/max  =  ]00f  (practical  limit) 

19.2 

(19.4) 

1 

Cc  <  - - 

20 tfB/max 

19.2 

(19.5) 

UTP  = 

Kf 

19.3 

(19.6) 

LTP= 

Kf 

19.3 

(19.7) 

UTP=  -^(-Vout  +  0.7V) 

Kf\ 

19.3 

(19.8) 

LTP=  -^!1(  +  Vout-0.7V) 

Kfi 

19.3 

(19.9) 

Rf2 

UTP=ff  +R  (  +  you.) 

Kf\  +  A/2 

19.3 

(19.10) 

Rf2 

FTP  = - J- - (-Vout) 

p  _L  P  uul 

Kf\  +  Kf2 

19.3 

(19.11) 

mF=o  Lv  (  +  y-‘  °-7V) 

A/1  T-  A/3 

19.3 

(19.12) 

ltp=d  (~you.+o-7V) 

Kf2  -r  Kf3 

19.3 
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Equation  Number 


Equation 


Section  Number 


(19.13) 

(19.14) 

(19.15) 

(19.16) 


t  =  RC 


In 


Vs  -  V/ 
Vs  -  Vc_ 


PW  =  1.1  RC 

VT  <  Vi  V cc 
Vr<  l/2Vco„ 


19.4 

19.4 

19.4 

19.4 


(19.17) 

(19.18) 

(19.19) 

(19.20) 


T  =  0.693f  (/fA  +  2Rb)Ci] 

_  1.44 

/o  “  (Ra  +  2R„)Ci 

PW  =  0.693[(Ra  +  RB)C ,] 

Ra  4“  Rg 

duty  cycle  = - — —  X  100 

Ra  +  2  Rg 


19.4 

19.4 

19.4 

19.4 


astable  multivibrator  812 

bistable  multivibrator  812 

buffer  802 

cycle  time  ( Tc )  792 

delay  time  (td)  795 

driver  791 

duty  cycle  794 

fall  time  (tf)  795 

555  timer  813 

flip-flop  812 

free-running 

multivibrator  812 
hysteresis  805 


inverter  802 
lower  trigger  point 
(LTP)  805 
monostable 

multivibrator  812 
multivibrator  812 
one-shot  812 
propagation  delay  794 
pulse  width  (PW)  792 
rectangular  waveform  792 
rise  time  (tr)  795 
Schmitt  trigger  804 
space  width  (SW)  792 


speed-up  capacitor  799 
square  wave  792 
storage  time  (ts)  795 
switching  circuits  784 
switching  transistors  801 
turn-off  time  (roff)  801 
turn-on  time  (ron)  801 
upper  trigger  point 
(UTP)  804 
voltage-controlled 
oscillator  (VCO)  824 


KEY  TERMS 


-  PRACTICE  PROBLEMS 

Section  19.1 

1.  Determine  the  minimum  high  voltage  required  to  saturate  the  transistor  in  Figure 
19.46. 


0V 


FIGURE  19.46 


+18  V 


2.  A  switch  like  the  one  in  Figure  19.46  has  the  following  values:  Vcc  =  + 12  V,  hFE  = 
150,  Rc  =  1.1  kft,  and  Rg  =  47  kfi.  Determine  the  minimum  high  input  voltage 
required  to  saturate  the  transistor. 
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9.  Calculate  the  duty  cycle  of  the  waveform  in  Figure  19.5 1. 

10.  Calculate  the  duty  cycle  of  the  waveform  in  Figure  19.52. 

11.  The  2N4264  BJT  has  the  following  parameters:  td  =  8  ns,  tr  =  15  ns,  ts  =  20  ns,  and 
tt  =  15  ns.  Determine  the  value  of  /c2  and  the  practical  limit  on/in  for  the  device. 

12.  The  2N4400  BJT  has  the  following  parameters:  td  =  15  ns,  tr  =  20  ns,  ts  =  225  ns, 
and  tf  =  30  ns.  Determine  the  value  of /C7  and  the  practical  limit  on  /in  for  the  device. 

13.  The  BCX587  BJT  has  the  following  parameters:  td  =  16  ns,  tr  -  29  ns,  ts  =  475  ns, 
and  tf  —  40  ns.  Determine  the  value  of  /t2  and  the  practical  limit  on  fm  for  the  device. 

14.  The  MPS2222  BJT  has  the  following  parameters:  td  =  10  ns,  t,.  =  25  ns,  ts  =  225  ns, 
and  tf  =  60  ns.  Determine  the  value  of  fc 2  and  the  practical  limit  on  f„  for  the  device. 

15.  The  2N3971  JFET  has  the  following  parameters:  td  =  15  ns,  tr  =  15  ns,  and  foff  = 
60  ns.  Determine  the  value  of  fa.  and  the  practical  limit  on/jn  for  the  device. 

16.  The  2N4093  JFET  has  the  following  parameters:  td  =  20  ns,  tr  =  40  ns,  and  ?ofT  = 
80  ns.  Determine  the  value  of  fa  and  the  practical  limit  on  f„  for  the  device. 

17.  The  2N4351  MOSFET  has  the  following  parameters:  td  =  45  ns,  tr  =  65  ns,  ts  =  60  ns, 
and  tr  =  100  ns.  Determine  the  value  of  /C2  and  the  practical  limit  on  /jn  for  the  device. 

18.  The  2N4393  JFET  has  the  following  parameters:  t(m  =  15  ns  and  toff  =  50  ns.  Deter¬ 
mine  the  value  of  fCn  and  the  practical  limit  on  fn  for  the  device. 

19.  Determine  the  values  of  td,  tn  ts,  and  tf  for  the  waveform  in  Figure  19.53. 

20.  Determine  the  values  of  td,  tn  ts,  and  tf  for  the  waveform  in  Figure  19.54. 


FIGURE  19.51 


FIGURE  19.52 


FIGURE  19.53 


FIGURE  19.54 
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Section  19.3 

21.  Determine  the  UTP  and  LTP  values  for  the  Schmitt  trigger  in  Figure  19.55. 

22.  Determine  the  UTP  and  LTP  values  for  the  Schmitt  trigger  in  Figure  19.56. 

+10V  +18  V 


FIGURE  19.55  FIGURE  19.56 

23.  Determine  the  UTP  and  LTP  values  for  the  Schmitt  trigger  in  Figure  19.57. 

24.  Determine  the  UTP  and  LTP  values  for  the  Schmitt  trigger  in  Figure  19.58. 

+10 V  +8  V 


FIGURE  19.57  FIGURE  19.58 

25.  Determine  the  UTP  and  LTP  values  for  the  Schmitt  trigger  in  Figure  19.59. 

26.  Determine  the  UTP  and  LTP  values  for  the  Schmitt  trigger  in  Figure  19.60. 

+15  V  +10V 


FIGURE  19.59  FIGURE  19.60 
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27.  Determine  the  UTP  and  LTP  values  for  the  Schmitt  trigger  in  Figure  19.61. 

28.  Determine  the  UTP  and  LTP  values  for  the  Schmitt  trigger  in  Figure  19.62. 


+15  V 


FIGURE  19.61  FIGURE  19.62 


Section  19.4 

29.  Calculate  the  output  pulse  width  of  the  one-shot  in  Figure  19.63. 

30.  Calculate  the  output  pulse  width  of  the  one-shot  in  Figure  19.64. 


+10 V  +5  V 


FIGURE  19.63  FIGURE  19.64 


31.  Calculate  the  value  of  VY(maX)  for  the  switch  in  Figure  19.65. 

32.  The  resistor  values  in  Figure  19.65  are  changed  to  Ri  =  33  kO  and  R2  =  11  kfl. 
Recalculate  the  value  of  V7(max)  for  the  circuit. 

33.  Calculate  the  operating  frequency,  duty  cycle,  and  pulse- width  values  for  the  free- 
running  multivibrator  in  Figure  19.66. 

34.  Calculate  the  operating  frequency,  duty  cycle,  and  pulse-width  values  for  the  free- 
running  multivibrator  in  Figure  19.67. 

35.  The  value  of  RB  in  Figure  19.66  is  increased  to  10  kfl.  Recalculate  the  operating 
frequency,  duty  cycle,  and  pulse-width  values  for  the  circuit. 
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FIGURE  19.65  FIGURE  19.66 


FIGURE  19.67 

36.  The  value  of  Cj  in  Figure  19.67  is  increased  to  0.033  |xF.  Recalculate  the  values  of 
operating  frequency  and  pulse  width  for  the  circuit. 

TROUBLESHOOTING 

PRACTICE  PROBLEMS  37.  The  free-running  multivibrator  in  Figure  19.68  has  the  dc  readings  indicated  when 

power  is  applied.  Discuss  the  possible  cause(s)  of  the  problem. 

38.  The  free-running  multivibrator  in  Figure  19.69  has  the  dc  readings  indicated  when 
power  is  applied.  Discuss  the  possible  cause(s)  of  the  problem. 

PUSHING  THE  ENVELOPE 

39.  The  BJT  in  Figure  19.70a  is  faulty.  Determine  which  (if  any)  of  the  transistors  listed 
in  the  selector  guide  can  be  used  as  a  substitute  component.  (Be  careful;  this  one  is 
more  difficult  than  it  appears!) 
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+20  V 


(b) 

FIGURE  19.70 

40.  Using  a  555  timer,  design  a  free-running  multivibrator  that  produces  a  50  kHz  out¬ 
put  with  a  60%  duty  cycle.  The  supply  voltage  for  the  timer  is  + 1 0  V,  and  it  should 
have  an  inactive  reset  input  pin. 

41.  Refer  to  Figure  19.71.  The  circuit  was  intended  (by  design)  to  fulfill  the  following 
requirements: 

a.  The  LED  should  light  when  a  positive-going  input  signal  passes  a  UTP  value  of 
+  1.7  V. 


+5  V 


FIGURE  19.71 
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b.  The  LED  should  turn  off  when  a  negative-going  input  signal  passes  an  LTP  of 
-1.7  V. 

There  is  a  flaw  in  the  circuit  design.  Find  the  flaw,  and  suggest  a  correction  that  will 
make  the  circuit  work  properly. 


42.  Write  a  program  that  will  determine  the  UTP  and  LTP  values  for  both  of  the  following: 

a.  A  noninverting  Schmitt  trigger  like  the  one  in  Figure  19.25. 

b.  An  inverting  Schmitt  trigger  like  the  one  in  Figure  19.27. 

43.  Write  a  program  that  will  determine  the  PRR,  duty  cycle,  and  pulse-width  values  for 
a  free-running  multivibrator. 


19.1  7.99  V 

19.2  When  VGS  =  0  V,  Vout  =  1  V.  When  Vcs  =  -4  V,  Vout  =  10  V. 

19.3  7  V 

19.4  PW  =  6  jjls,  Tc  =  18  |xs 

19.5  33.3% 

19.6  fa  =  14  MHz,/max  =  140  kHz 

19.7  UTP  =  +4  V,  LTP  =  -4  V 

19.8  UTP  = +1.33  V,  LTP  = -1.9  V 

19.9  UTP  =  +2.25  V,  LTP  =  -2.25  V 

19.10  29.7  ms 

19.11  VT<  5.625  V 

19.12  /0  =  6.89  kHz,  duty  cycle  =  76.8%,  PW  =  1 1 1.3  p,s 
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chapter 


Thyristors  and 
Optoelectronic  Devices 

Objectives 

After  studying  the  material  in  this  chapter,  you  should  be  able  to: 

1.  Describe  the  operation  of  the  silicon  unilateral  switch  ( SUS ). 

2.  List  and  describe  the  methods  commonly  used  to  drive  an  SUS  into  cutoff. 

3.  Describe  the  construction  of  the  silicon-controlled  rectifier  (SCR)  and  the  methods  used 
to  trigger  the  device  into  conduction. 

4.  Discuss  the  problem  of  SCR  false  triggering  and  the  methods  commonly  used  to  prevent  it. 

5.  Discuss  the  use  of  the  SCR  as  a  crowbar  circuit  and  a  phase  controller. 

6.  Discuss  the  similarities  and  differences  between  diacs  and  triacs. 

7.  List  and  describe  the  circuits  commonly  used  to  control  triac  triggering. 

8.  Describe  the  construction  and  operation  of  unijunction  transistors  ( UJTs ). 

9.  Compare  and  contrast  light  emitters  and  light  detectors. 

10.  Discuss  wavelength  and  light  intensity. 

11.  Describe  the  operation  and  critical  parameters  of  the  basic  discrete  photodetectors. 

12.  Discuss  the  operation  and  applications  of  optoisolators  and  optointerrupters . 

Outline 

20.1  Introduction  to  Thyristors:  The  Silicon  Unilateral  Switch  (SUS) 

20.2  Silicon-Controlled  Rectifiers  (SCRs) 

20.3  Diacs  and  Triacs 

20.4  Unijunction  Transistors  (UJTs) 

20.5  Discrete  Photodetectors 

20.6  Optoisolators  and  Optointerrupters 
Chapter  Summary 
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Thyristors 

Devices  designed  specifically 
for  high-power  switching 
applications. 

Optoelectronic  devices 
Devices  that  are  controlled  by 
|  or  emit  (generate)  light. 


In  this  chapter,  we  will  take  a  look  at  two  independent  groups  of  electronic  devices.  First, 
we  will  discuss  a  group  of  devices  called  thyristors.  Thyristors  are  devices  designed 
specifically  for  high-power  switching  applications.  Unlike  BJTs,  FETs,  and  op-amps 
(which  can  also  be  used  as  switches),  thyristors  are  not  designed  to  be  used  as  linear 
amplifying  devices. 

Second,  we  will  discuss  a  group  known  as  optoelectronic  devices.  These  devices  are 
controlled  by  or  emit  (generate)  light.  In  Chapter  2,  we  discussed  the  most  basic  of  the 
optoelectronic  devices,  the  light-emitting  diode,  or  LED.  In  this  chapter,  we  will  discuss 
some  other  devices  that  belong  to  this  group. 

No  central  theme  ties  thyristors  and  optoelectronic  devices  together.  These  two  groups 
of  components  are  covered  in  the  same  chapter  simply  because  it  is  convenient  to  do  so. 


20.1  Introduction  to  Thyristors:  The  Silicon  Unilateral  Switch  (SUS) 


OBJECTIVE  1  ►  The  simplest  of  the  thyristors  is  the  silicon  unilateral  switch  (SUS).  The  SUS  is  a  two- 
terminal,  four-layer  device  that  can  be  triggered  into  conduction  by  applying  a  specified 
forward  voltage  across  its  terminals.  The  construction  of  the  SUS  (along  with  its 
schematic  symbol)  is  shown  in  Figure  20.1.  As  you  can  see,  the  device  contains  two 
n-type  regions  and  two  p-type  regions.  Because  of  its  construction,  the  SUS  is  often 
referred  to  as  a  pnpn  diode  or  a.  four-layer  diode.  Note  that  the  term  diode  is  considered  to 
be  appropriate  because  the  device  has  two  terminals:  an  n-type  cathode  (K)  and  a  p-type 
anode  (A). 

The  SUS  is  actually  known  by  a  variety  of  names.  In  addition  to  those  listed  above,  the 
device  is  sometimes  referred  to  as  a  Schockley  diode,  a  current  latch,  or  a  reverse  block¬ 
ing  diode  thyristor  (the  JEDEC  designated  name). 


Silicon  unilateral  switch  (SUS) 
A  two-terminal,  four-layer 
device  that  can  be  triggered  into 
conduction  by  applying  a 
specified  forward  voltage 
across  its  terminals. 


20.1.1  SUS  Operation 


Cathode  (K)  Cathode  (K) 

FIGURE  20.1 
SUS  construction  and 
schematic  symbol. 


The  overall  operation  of  the  SUS  is  easy  to  understand  if  we  discuss  it  in  terms  of  a  two- 
transistor  equivalent  circuit.  The  derivation  of  this  equivalent  circuit  is  illustrated  in  Fig¬ 
ure  20.2.  If  we  split  the  SUS  as  shown  in  Figure  20.2a,  we  can  see  that  the  device  is  effec¬ 
tively  made  up  of  two  transistors:  one  pnp  (<2i)  and  one  npn  {Q2).  Note  that  the  collector 
of  each  transistor  is  connected  to  the  base  of  the  other. 


CM 


Emitter 

Base 

Collector 


FIGURE  20.2 


(a)  SUS  split  construction 
SUS  split  construction  and  equivalent  circuit. 


(b)  Equivalent  circuit 


Forward  breakover  voltage 

(VflR(F)) 

The  value  of  forward  voltage 
that  forces  an  SUS  into 
conduction. 


Figure  20.3a  illustrates  the  response  of  an  off  (nonconducting)  SUS  to  an  increase  in 
supply  voltage.  Assuming  that  both  transistors  are  in  cutoff,  the  total  forward  current 
through  the  device  ( IF )  is  approximately  equal  to  zero,  as  is  the  total  circuit  current.  Since 
there  is  no  current  through  the  series  resistor  ( Rs ),  VRS  =  0  V  (as  shown  in  the  figure). 
Note  that  these  circuit  conditions  exist  as  long  as  VAK  is  less  than  the  forward  breakover 
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(a)  As  Vs  increases,  VAK  increases  (from  OV)  until  it  reaches  VBR(F>. 


(b)  When  VAK  reaches  VBR(F),  the  SUS  breaks  over  into  full  conduction. 

FIGURE  20.3  The  response  of  an  off  (nonconducting)  SUS  to  an  increase  in  supply  voltage. 


voltage  (VBK(F))  rating  of  the  SUS.  This  rating  indicates  the  value  of  forward  voltage  that 
will  force  the  device  into  conduction. 

Figure  20.3b  shows  what  happens  when  the  value  of  V AK  reaches  the  forward 
breakover  voltage  of  the  device.  When  this  occurs,  the  two  transistors  break  down  and 
begin  to  conduct.  As  soon  as  conduction  starts,  both  transistors  in  the  SUS  equivalent 
circuit  are  driven  into  saturation.  This  causes  the  voltage  across  the  SUS  to  drop,  as 
shown  in  the  operating  curve.  Thus,  when  the  SUS  is  forced  into  conduction,  two  things 
happen: 

1.  The  device  current  ( IF )  rapidly  increases  as  the  device  is  driven  into  saturation. 

2.  The  value  of  VAK  rapidly  decreases  because  of  the  low  resistance  of  the  saturated 
device  materials.  (The  relatively  low  value  of  VAK  is  identified  as  VF  in  the  operat¬ 
ing  curve.) 

As  you  can  see,  the  SUS  acts  as  an  open  circuit,  dropping  the  applied  voltage  until 
VBR{F )  is  reached.  At  that  time,  the  device  breaks  down  and  becomes  a  low-resistance 
conductor. 
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You  may  be  wondering  why  the  start  of  conduction  causes  both  transistors  in  the  SUS 
equivalent  circuit  to  go  into  saturation.  The  answer  is  simple.  If  you  look  closely  at  the 
SUS  equivalent  circuit,  you’ll  see  that  two  conditions  exist: 

1.  The  collector  of  Q2  is  tied  to  the  base  of  Q\.  Thus,  IB]  =  ICi- 

2.  The  base  of  Q2  is  tied  to  the  collector  of  Q,.  Thus,  IB2  =  Ic i- 


Now,  consider  what  happens  when  VAK  increases.  As  VAK  increases,  the  leakage  current 
through  the  SUS  increases  (as  indicated  by  the  curve  in  Figure  20.3a).  When  VAK  is 
approximately  equal  to  VBR(F),  the  current  drawn  through  Q2  is  sufficient  to  turn  on  Q,. 
As  <2i  begins  to  conduct,  conduction  through  Q2  increases,  increasing  conduction  through 
Q  i,  and  so  on.  This  cycle  rapidly  drives  the  component  into  conduction. 

The  fact  that  the  SUS  forces  itself  into  saturation  is  important.  You  may  recall  that  the 
current  through  a  saturated  device  is  controlled  by  external  values  of  resistance  and  volt¬ 
age.  Thus,  the  forward  current  through  the  saturated  SUS  in  Figure  20.3b  is  found  as 


‘F  ~ 


Rs 


(20.1) 


where  VAK  is  the  forward  voltage  drop  across  the  component.  Equation  (20.1)  is  important 
for  several  reasons.  It  provides  us  with  the  means  of  determining  the  forward  current 
through  a  saturated  SUS.  It  also  shows  that  the  SUS  requires  the  use  of  a  series  current- 
limiting  resistor  ( Rs ).  Without  such  a  resistor,  IF  may  exceed  the  rated  limit  on  the  device 
current,  and  the  SUS  may  be  destroyed. 


20.1.2  Driving  the  SUS  into  Cutoff 


OBJECTIVE  2  ► 

Holding  current  (/„) 

The  minimum  value  of  IF 
required  to  maintain 
conduction.  _ 

Anode  current  interruption 

A  method  of  driving  an  SUS 
into  cutoff  by  breaking  the 
diode  current  path  or  shorting 
the  circuit  current  around  the 
diode. 


Once  an  SUS  is  driven  into  conduction,  the  device  continues  to  conduct  as  long  as  IF  is 
greater  than  a  specified  value,  called  the  holding  current  ( IH ).  The  holding  current  rating 
of  an  SUS  indicates  the  minimum  forward  current  required  to  maintain  conduction.  Once 
IF  drops  below  IH,  the  device  is  driven  back  into  cutoff  and  remains  there  until  VAK 
reaches  VRR(F}  again. 

Several  methods  are  used  to  drive  IF  below  the  value  of  IH.  The  first  of  these  methods, 
called  anode  current  interruption,  is  illustrated  in  Figure  20.4.  In  Figure  20.4a,  a  series 
switch  is  opened  to  interrupt  the  path  for  IF,  causing  the  device  current  to  drop  to  zero.  In 
Figure  20.4b,  a  shunt  switch  is  closed  to  divert  the  circuit  current  ( IT )  around  the  SUS, 
again  causing  the  device  current  to  drop  to  zero.  In  both  cases,  IF  is  forced  to  a  value  that 
is  less  than  the  IH  rating  of  the  SUS,  and  the  device  is  driven  into  cutoff. 

In  practice,  series  interruption  is  generally  caused  by  the  opening  of  a  fuse.  As  you’ll 
see  later  in  this  chapter,  thyristors  are  often  used  to  protect  voltage-sensitive  loads  from 
overvoltage  conditions.  When  such  a  circuit  is  activated,  the  thyristor  triggers  and  protects 
the  load  just  long  enough  for  a  fuse  to  blow.  The  blown  fuse  then  acts  as  the  open  switch 
in  Figure  20.4a.  Shunt  interruption  is  also  used  for  load  protection.  However,  the  switch 
in  the  shunt  interruption  circuit  is  normally  a  reset  switch  that  is  pressed  when  the  over¬ 
voltage  situation  has  passed.  By  closing  the  reset  switch,  the  SUS  is  driven  into  cutoff, 
and  normal  circuit  operation  is  restored. 


(a)  Series  interruption  (b)  Shunt  interruption 

FIGURE  20.4  Anode  current  interruption. 
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Another  method  for  driving  an  SUS  into  cutoff  is  called  forced  commutation.  This 
method  involves  applying  a  reverse  voltage  to  the  component,  as  shown  in  Figure  20.5.  In 
this  case,  a  positive  pulse  is  applied  to  the  cathode  of  the  device.  The  reverse  voltage 
causes  the  device  current  to  decrease.  When  IF  <  IH,  the  SUS  turns  off. 

20.1.3  SUS  Specifications 

Figure  20.6  shows  the  operating  curve  of  the  SUS.  As  you  can  see,  the  reverse  region  of 
the  curve  is  nearly  identical  to  that  of  the  pn-junction  diode  and  the  zener  diode.  The  part 
of  the  curve  that  falls  between  0  V  and  the  reverse  breakdown  voltage  (VHR(R))  is  called 
the  reverse  blocking  region.  When  the  SUS  is  operating  in  this  region,  it  has  the  same 
characteristics  as  a  reverse-biased  pn  junction;  that  is,  reverse  current  (IR)  is  in  the  low 
pA  range  and  the  reverse  voltage  across  the  device  (VR)  equals  the  applied  voltage.  If  the 
reverse  voltage  exceeds  the  value  of  VBRW,  the  device  breaks  down  and  conducts  in  the 
reverse  direction.  Like  the  pn-j  unction  diode,  the  SUS  is  normally  damaged  or  destroyed 
by  this  reverse  conduction. 

The  forward  operating  curve  of  the  SUS  is  enlarged  in  Figure  20.6b.  Forward  operation 
is  divided  into  two  regions.  The  forward  blocking  region  (shaded)  is  the  area  of  the  curve 
that  illustrates  the  off-state  (nonconducting)  operation  of  the  device.  The  forward  operat¬ 
ing  region  is  the  area  of  the  curve  that  illustrates  the  on-state  (conducting)  operation  of  the 
device. 


Forced  commutation 

Driving  an  SUS  into  cutoff  by 
applying  a  reverse  voltage  to 
the  device.  The  SUS  turns  off 
when  /,,  <  IH. 


V  > 

0V— - 

FIGURE  20.5  Forced 
commutation. 


If 


FIGURE  20.6  The  SUS  operating  curve. 


If 


(b) 


The  forward  blocking  region  is  defined  by  two  parameters:  VBR(F)  and  /BS(F)  As  you 
know,  VBR(Fj  is  the  value  of  forward  voltage  that  causes  the  SUS  to  break  down  and  conduct 
in  the  forward  direction.  The  forward  breakover  current  ( IBr(f >)  rating  of  the  SUS  is  the 
value  of  IF  at  the  point  where  breakover  occurs.  For  example,  the  ECG6404  has  ratings  of 
Vbr(f)  =  10  V  (maximum)  and  /BF(F)  =  500  pA.  This  means  that  the  forward  current 
through  the  device  is  approximately  500  pA  when  V,  reaches  the  breakover  rating  of  10  V. 

The  importance  of  the  IBR(F ,  rating  is  illustrated  in  Figure  20.7.  The  curve  shown  is  for  an 
SUS  with  an  anode-to-cathode  voltage  (VAK)  that  is  lower  than  the  forward  breakover  rating 
of  the  device.  As  temperature  increases,  the  leakage  current  through  the  device  also 
increases.  When  the  temperature  reaches  150°C,  the  leakage  current  reaches  the  value  of 
IBR(F)  and  the  device  is  triggered  into  its  on-state  despite  the  fact  that  VAK  <  V,mF).  Thus,  an 
SUS  can  be  triggered  into  conduction  by  a  significant  increase  in  operating  temperature. 

Once  an  SUS  turns  on,  the  device  enters  the  forward  operating  region  of  the  curve. 
The  holding  current  (IH)  is  the  minimum  forward  current  required  to  maintain  the  on-state 
condition.  When  IF  falls  below  the  value  of  IH,  the  device  returns  to  its  off-state,  as  was 
stated  earlier  in  this  section. 


Forward  blocking  region 

The  forward  off-state 
(nonconducting)  region  of 
operation. 

Forward  operating  region 

The  forward  on-state 
(conducting)  region  of 
operation. 

Forward  breakover  current 

j  (Ibr(F)) 

[  The  value  of  IF  at  the  point 
[  where  breakover  occurs. 
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Average  on-state  current  ( lT ) 
The  maximum  average  (dc) 
forward  current. 

Average  on-state  voltage  (VT) 
The  value  of  VF  when  IF  -  Ir. 


Section  Review  ► 


If 


FIGURE  20.7  The  effects  of  temperature  on  SUS  forward  operation. 

The  average  on-state  current  (IT)  is  the  maximum  average  forward  current  for  the 
SUS.  The  series  current-limiting  resistor  for  an  SUS  is  selected  to  ensure  that  the  dc  for¬ 
ward  current  through  the  device  is  held  below  this  value.  The  average  on-state  voltage 
(Vr)  rating  is  the  value  of  VF  when  IF  =  1T. 

In  addition  to  the  ratings  discussed  here,  the  SUS  has  the  standard  maximum  power 
dissipation  and  voltage  ratings.  Since  we  have  covered  these  parameters  for  other  compo¬ 
nents,  we  will  not  discuss  them  here. 

20.1.4  Summary 

The  silicon  unilateral  switch  (SUS)  is  a  thyristor  that  is  forced  into  conduction  when  the 
forward  voltage  across  the  device  reaches  a  specified  forward  breakover  voltage  (VBR(Fj)- 
Once  triggered,  the  device  becomes  a  low-resistance  conductor.  It  remains  in  this  on- 
state  until  its  forward  current  (IF)  drops  below  the  holding  current  (IH)  rating  for  the 
device.  At  that  time,  the  component  returns  to  the  off-state  (nonconducting)  region  of 
operation. 

The  SUS  can  be  driven  from  the  on-state  to  the  off-state  by  one  of  two  methods. 
Anode  current  interruption  involves  blocking  or  diverting  the  diode  current  so  that  IF  falls 
below  the  value  of  lH.  Forced  commutation  involves  applying  a  reverse  voltage  to  the 
device  to  drop  the  value  of  IF  below  the  value  of  IH.  In  either  case,  the  device  is  driven 
into  its  off-state  and  remains  there  until  triggered  again. 

The  SUS  is  rarely  used  in  modern  circuit  design.  However,  you  will  see  in  the  next 
two  sections  that  many  of  the  commonly  used  thyristors  are  nothing  more  than  variations 
on  the  basic  SUS.  For  this  reason,  it  is  important  that  you  understand  the  SUS  operating 
principles  and  ratings. 


1.  What  are  thyristors ? 

2.  What  distinguishes  thyristors  from  other  switching  devices,  such  as  BJTs,  FETs,  and 
op-amps? 

3.  What  are  optoelectronic  devices? 

4.  What  is  the  silicon  unilateral  switch  (SUS)1 

5.  Describe  the  construction  of  the  SUS. 

6.  What  is  forward  breakover  voltage  (VnK(F))l 

7.  Describe  what  happens  when  the  voltage  applied  to  an  SUS  reaches  the  VBR(F)  of  the 
device. 
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8.  Describe  the  two  methods  of  anode  current  interruption. 

9.  Explain  how  forced  commutation  drives  an  SUS  into  cutoff. 

10.  What  is  the  forward  blocking  region  of  an  SUS? 

11.  What  is  the  forward  operating  region  of  an  SUS? 

12.  Explain  how  temperature  can  drive  an  SUS  into  its  forward  operating  region. 


20.2  Silicon-Controlled  Rectifiers  (SCRs) 


The  silicon-controlled  rectifier  (SCR)  is  a  three-terminal  device  that  is  very  similar  in 
construction  and  operation  to  the  SUS.  The  construction  of  the  SCR  is  shown  in  Figure 
20.8,  along  with  its  schematic  symbol.  As  you  can  see,  the  construction  of  the  SCR  is 
identical  to  that  of  the  SUS,  except  for  the  addition  of  a  third  terminal,  called  the  gate.  As 
you  will  see,  the  gate  provides  an  additional  means  of  triggering  the  device  into  the  on- 
state.  Except  for  that,  the  operation  of  the  SCR  is  identical  to  that  of  the  SUS. 


Anode  (A) 


Anode  (A) 


Gate  (G ) 


Gate  (G ) 


Cathode  (K) 

FIGURE  20.8  SCR  construction  and  schematic  symbol. 


Cathode  (K) 


◄  OBJECTIVE  3 

Silicon-controlled  rectifier 

(SCR) 

A  three-terminal  device  very 
similar  in  construction  and 
operation  to  the  SUS.  The  third 
terminal,  called  the  gate, 
provides  an  additional  method 
for  triggering  the  device. 


20.2.1  SCR  Triggering 

Figure  20.9a  shows  the  two-transistor  equivalent  circuit  for  the  SCR.  Again,  note  the  sim¬ 
ilarities  between  the  SCR  and  the  SUS.  Like  the  SUS,  the  SCR  can  be  triggered  into  con¬ 
duction  by  applying  an  anode-to-cathode  voltage  (VAK)  that  meets  or  exceeds  the  VHR{F) 
rating  of  the  device. 


(a)  (b) 

FIGURE  20.9 
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The  addition  of  the  gate  terminal  provides  an  additional  means  of  triggering  the 
device,  as  shown  in  Figure  20.9b.  Here,  we  have  a  positive  pulse  applied  to  the  gate  ter¬ 
minal.  When  the  gate  pulse  goes  positive  (fi),  Q2  is  forced  into  conduction.  At  that  point, 
the  device  takes  itself  into  saturation,  just  like  the  SUS. 

When  the  gate  pulse  is  removed  ( t2 ),  the  device  continues  its  forward  conduction. 
The  forward  conduction  continues  until  the  forward  current  ( IF )  drops  below  the  hold¬ 
ing  current  (IH)  rating  of  the  device.  Note  that  the  SCR  is  driven  into  the  off-state 
using  the  same  two  methods  we  use  for  the  SUS:  anode  current  interruption  or  forced 
commutation. 


20.2.2  SCR  Operating  Curve 

Figure  20.10a  shows  the  operating  curve  for  the  SCR.  This  curve  is  identical  to  the 
SUS  operating  curve  in  Figure  20.6a.  The  enlarged  forward  operating  curve  in  Figure 
20.10b  shows  the  effect  of  gate  current  on  forward  conduction.  When  IG  =  0  mA,  the 
device  breaks  over  at  VAK  =  VBR(F).  When  IG  >  0  mA,  the  device  breaks  over  at  some 
value  of  VAK  that  is  less  than  VRKfF).  Note  that  the  greater  the  value  of  Ic,  the  lower 
the  value  of  VAK  required  for  the  component  to  break  over  into  forward  conduction.  Once 
Lab  Reference:  The  forward  forward  conduction  begins,  I F  must  drop  below  the  value  of  IH  for  the  SCR  to  return  to  its 

operating  characteristics  of  the  off-State. 

SCR  are  demonstrated  in  ] 

Exercise  34. 


20.2.3  SCR  Specifications 


I  Circuit  fusing  (I2t) 

;  A  rating  that  indicates  the 
j  maximum  forward  surge 
i  current  capability  of  an  SCR. 


Many  of  the  specifications  for  the  SCR  are  identical  to  those  for  the  SUS.  For  example, 
take  a  look  at  the  spec  sheet  for  the  2N6400  series  SCRs  in  Figure  20.1 1.  Table  20.1  lists 
the  specifications  contained  in  this  spec  sheet  that  have  already  been  introduced.  One 
important  point:  As  shown  in  Table  20.1,  the  forward  and  reverse  blocking  voltages  and 
currents  are  equal  in  magnitude.  The  same  holds  true  for  the  SUS. 

In  addition  to  the  specifications  listed  in  Table  20.1,  several  other  parameters  warrant 
discussion.  The  first  of  these  is  the  circuit  fusing  (I2t)  rating.  This  rating  indicates  the 
maximum  forward  surge  current  capability  of  the  device.  For  example,  the  circuit  fusing 
(I2t)  rating  of  the  2N6400  series  SCRs  is  145  ampere-square-seconds  (A2s).  If  the  prod¬ 
uct  of  the  square  of  surge  current  times  the  duration  (in  seconds)  of  the  surge  exceeds 
145  A2s,  the  device  may  be  destroyed  by  excessive  power  dissipation.  Example  20.1 
demonstrates  the  determination  of  I2t  for  a  given  circuit. 


846 


Chapter  20  Thyristors  and  Optoelectronic  Devices 


2N6400  Series 


Preferred  Device 

Silicon  Controlled  Rectifiers 

Reverse  Blocking  Thyristors 

Designed  primarily  for  half-wave  ac  control  applications,  such  as 
motor  controls,  heating  controls,  and  power  supplies;  or  wherever 
half-wave  silicon  gate-controlled,  solid-state  devices  are  needed. 

•  Glass  Passivated  Junctions  with  Center  Gate  Geometry  for  Greater 
Parameter  Uniformity  and  Stability 

•  Small,  Rugged  Thermowatt  Construction  for  Low  Thermal 
Resistance,  High  Heat  Dissipation,  and  Duribility 

•  Blocking  Voltage  to  800  Volts 

•  Device  Marketing:  Logo,  Device  type,  e.g.,  2N6400,  Date  Code 


MAXIMUM  RATINGS  (Tj  =  25°C  unless  otherwise  noted) 


Rating 

Symbol 

Value 

’Peak  Repetitive  Off-State  Voltage  (Note  1.) 

VDRM. 

Volts 

(Tj  =  -40  to  125°C,  Sine  Wave 

50  to  60  Hz;  Gate  Open) 

VRRM 

2N6400 

50 

2N6401 

100 

2N6402 

200 

2N6403 

400 

2N6404 

600 

2  N 6405 

800 

On-State  RMS  Current 

It(rms) 

16 

A 

(180°  Conduction  Angles;  Tc  =  100°C) 

Average  On-State  Current 

hfAV) 

10 

A 

(180°  Conduction  Angles;  Tc  =  100°C) 

Peak  Non-Repetitive  Surge  Current 

ITSM 

160 

A 

(1/2  Cycle,  Sine  Wave  60  Hz,  Tj  =  90°C) 

Circuit  Fusing  (t  =  8.3  ms) 

ft 

145 

Forward  Peak  Gate  Power 

PGM 

20 

Watts 

(Pulse  Width  <  1 .0  ps,  Tc  =  1 00°C) 

Forward  Average  Gate  Power 

■mm.. 

Watts 

(t  =  8.3  ms,  Tc  =  100°C) 

Forward  Peak  Gate  Current 

(Pulse  Width  £  1 .0  ps,  Tc  =  1 00°C) 

mm 

Operating  Junction  Temperature  Range 

Tj 

-40  to 

+125 

Storage  Temperature  Range 

Tstg 

-40  to 

°C 

+150 

’Indicates  JEDEC  Registered  Data 


1  ■  vdrm  and  vrrm  f°r  al1  tyPes  can  be  applied  on  a  continuous  basis.  Ratings 
apply  for  zero  or  negative  gate  voltage;  however,  positive  gate  voltage  shall 
not  be  applied  concurrent  with  negative  potential  on  the  anode.  Blocking 
voltages  shall  not  be  tested  with  a  constant  current  source  such  that  the 
voltage  ratings  of  the  devices  are  exceeded. 


ON  Semiconductor™ 

http://onsemi.com 


SCRs 

16  AMPERES  RMs 
50  thru  800  VOLTS 


AO 


MARKING 

DIAGRAM 


WW  =  Work  Week 


1 

Cathode 

2 

Anode 

3 

Gate 

4 

Anode 

(a) 

FIGURE  20.11  The  2N6400  specification  sheet.  (Copyright  of  Semiconductor 
Component  Industries,  LLC.  Used  by  permission.) 


TABLE  20.1 


Specification  Symbol 


Definition 


Peak  repetitive  off-state 
voltage 

Vdrm  or  Vrrm 

The  maximum  forward  or  reverse  blocking 
voltage.  The  same  thing  as  VBR{F)  and  VmR). 

Peak  repetitive  forward  or  reverse 
blocking  current 

Idrm  or  Irrm 

The  maximum  forward  or  reverse  blocking 
current.  The  same  thing  as  IBR(F)  and  /BK(R). 

Holding  current 

Ih 

The  minimum  forward  current  required  to 
maintain  conduction. 

VRRM  is  listed  under  the 
maximum  ratings  heading  on 
the  spec  sheet.  lliRM  and  lH  are 
listed  under  the  electrical 
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THERMAL  CHARACTERISTICS 


■ 

Thermal  Resistance,  Junction  to  Case 

R0JC 

1.5 

°c/w 

Maximum  Lead  Temperature  for  Soldering  Purposes  1/8"  from  Case  for  10  Seconds 

Tl 

260 

°c 

ELECTRICAL  CHARACTERISTICS  (Tj  =  25'C  unless  otherwise  noted.) 


Characteristic 

Symbol 

Min  ! 

Typ 

Max 

1 1  Unit 

OFF  CHARACTERISTICS 

"Peak  Repetitive  Forward  or  Reverse  Blocking  Current 

!DRM'  'firm 

(Vak  -  Rated  VDRM  or  VRRM,  Gate  Open)  Tj  =  25°C 

— 

— 

10 

pA 

Tj  =  125°C 

— 

— 

2.0 

mA 

ON  CHARACTERISTICS 


•Peak  Forward  On-State  Voltage 

VTM 

— 

— 

Volts 

(lTM  =  32  A  Peak,  Pulse  Width  <  1  ms,  Duty  Cycle  <  2%) 

‘Gate  Trigger  Current  (Continuous  dc) 

Tc  =  25°C 

!gt 

— 

9.0 

1 

(VAK  =  12  Vdc,  Rl  =  100  Ohms) 

Tc = -40°C 

— 

— 

1 

‘Gate  Trigger  Voltage  (Continuous  dc) 

VGT 

0.7 

1.5 

(VD  =  12  Vdc.  Rl  =  100  Ohms,  Tc  =  -40°C) 

Tc  =  25'C 

— 

■ 

Tc  =  -40°C 

— 

— 

2.5 

1  I 

Gate  Non-Trigger  Voltage 

VGD 

(VD  =  12  Vdc,  RL  =  100  Ohms) 

TC  =  +125°C 

0.2 

— 

‘Holding  Current 

Tc  =  25"C 

— 

18 

(VD  =  12  Vdc,  Initiating  Current  =  200  mA, 

Gate  Open) 

•Tc  =  -40°C 

— 

Turn-On  Time 

*gt 

— 

— 

gs 

(lTM  =  16  A,  lGT  =  40  mAdc,  VD  =  Rated  VDRM) 

Turn-Off  Time 

gs 

Otm  =  1 6  A,  lR  =  1 6  A,  VD  =  Rated  VDHM) 

Tc  =  25°C 

— 

— 

Tj  =  +125DC 

— 

— 

DYNAMIC  CHARACTERISTICS 


Critical  Rate-of-Rise  of  Off-State  Voltage 

dv/dt 

— 

— 

< 

CO 

(VD  =  Rated  VDRM,  Exponential  Waveform) 

1 _ 1 

EXAMPLE  20.1 _ _ _ 

In  a  given  circuit,  the  2N6400  is  subjected  to  a  50  A  current  surge  that  lasts  for 
18  ms.  Determine  whether  this  surge  will  destroy  the  device. 

Solution:  The  I  2t  value  for  the  circuit  is  found  as 

I2t  =  (50  A)2(18  ms)  =  (2500  A)(18  ms)  =  45  A2s 

Since  this  value  is  well  below  the  maximum  rating  of  145  A2s,  the  device  can  easily 
handle  the  surge. 

Practice  Problem  20.1 

An  SCR  has  a  circuit  fusing  rating  of  40  A“s.  Determine  whether  the  device  will 
survive  a  60  A  surge  that  lasts  for  15  ms. 


When  the  circuit  fusing  rating  for  an  SCR  is  known,  we  can  determine  the  maximum 
allowable  duration  of  a  surge  with  a  known  current  value  as  follows: 


(20.2) 
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where  Is  =  the  known  value  of  surge  current.  Example  20.2  demonstrates  the  use  of 
equation  (20.2)  in  determining  the  maximum  allowable  duration  (time)  of  a  surge. 


EXAMPLE  20.2 


The  2N1843A  has  a  circuit  fusing  rating  of  60  A2s.  The  device  is  used  in  a  circuit 
where  it  could  be  subjected  to  a  100  A  surge.  Determine  the  limit  on  the  duration  of 
such  a  surge. 

Solution:  The  maximum  allowable  duration  of  the  surge  is  found  as 


l2t  (rated)  60  A2s 


/I 


(100  A)2 


Thus,  if  the  100  A  surge  is  present  for  more  than  6  ms,  the  2N1843A  may  not  sur¬ 
vive  the  current. 


Practice  Problem  20.2 

The  C35  series  SCRs  each  have  a  circuit  fusing  rating  of  75  A2s.  Determine  the 
maximum  allowable  duration  of  a  150  A  surge  that  passes  through  one  of  these 
devices. 


We  can  also  use  a  variation  on  equation  (20.2)  to  determine  the  maximum  allowable 
surge  current  value  for  a  given  period  of  time  as  follows: 


‘S( max)  " 


I  t  (rated) 


rs 


(20.3) 


where  ts  =  the  time  duration  of  the  current  surge.  Example  20.3  demonstrates  the  use  of 
equation  (20.3)  in  determining  the  maximum  allowable  value  of  a  current  surge. 


A  Practical  Consideration: 

If  the  value  obtained  using 
equation  (20.3)  exceeds  the 
peak  non-repetitive  surge 
current  (Itsm)  rating  of  the  « 
SCR,  the  surge  wil|i^aBQ®|E::  the 


EXAMPLE  20.3 


Determine  the  highest  surge  current  value  that  the  2N1843A  can  withstand  for  a 
period  of  20  ms. 

Solution:  The  peak  value  for  the  surge  is  found  as 

The  value  of  60  A2s  for  the 
2N1843A  was  given  in 

— . . . 

Thus,  a  20  ms  current  surge  would  have  to  exceed  54.77  A  to  damage  the  2N1843A. 


CS(max) 


(rated) 


60  Azs 
20  ms 


54.77  A 


Practice  Problem  20.3 

Refer  to  Practice  Problem  20.2.  Determine  the  highest  surge  current  value  that  a 
C35  series  SCR  can  withstand  for  a  duration  of  50  ms. 


Later  in  this  section,  we  will  look  at  several  SCR  applications.  In  one  of  these  applica¬ 
tions,  the  SCR  is  used  as  a  surge-protection  device.  When  the  SCR  is  used  in  a  surge- 
protection  application,  the  circuit  fusing  rating  becomes  critical. 

The  SCR  has  another  maximum  current  rating  called  the  nonrepetitive  surge  current 
(Itsm)  rating.  This  is  the  absolute  limit  on  the  surge  current  through  the  device.  If  this 
rated  value  is  exceeded  for  any  length  of  time,  the  device  may  be  destroyed. 

If  you  look  under  the  electrical  characteristics  heading  in  Figure  20.1  lb,  you'll  see  the 
gate  nontrigger  voltage  (VGD)  rating.  This  rating  indicates  the  maximum  gate  voltage 
that  can  be  applied  without  triggering  the  SCR  into  conduction.  If  Vc  exceeds  this  rating, 
the  SCR  may  be  triggered  into  the  on-state. 


Nonrepetitive  surge  current 

(Itsm) 

The  absolute  limit  on  the 
forward  surge  current  through 
an  SCR. 

Gate  nontrigger  voltage  (VGD) 
The  maximum  gate  voltage  that 
can  be  applied  without 
triggering  the  SCR  into 
conduction. 
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OBJECTIVE  4  ► 
False  triggering 

When  a  noise  signal  triggers  an 
SCR  into  conduction.  I 


!  Critical  rise  rating  ( dv/dt ) 
The  maximum  rate  of  increase 
I  in  VAK  without  causing  false 
!  triggering. 


The  VCD  rating  is  important  because  it  points  out  one  of  the  potential  causes  of  false 
triggering.  False  triggering  is  a  situation  where  the  SCR  is  accidentally  triggered  into 
conduction,  usually  by  some  type  of  noise.  For  example,  the  2N6400  series  of  SCRs  has  a 
Van  rating  of  200  mV.  If  a  noise  signal  with  a  peak  value  greater  than  200  mV  appears  at 
the  gate,  the  device  may  be  triggered  into  conduction. 

A  more  common  cause  of  false  triggering  is  a  rise  in  anode  voltage  that  exceeds  the 
critical  rise  rating  (dv/dt)  of  the  SCR.  This  rating  indicates  the  maximum  rate  of  increase 
in  anode-to-cathode  voltage  that  the  SCR  can  handle  without  false  triggering  occurring. 
For  example,  the  dv/dt  rating  of  the  2N6400  series  SCRs  is  50  V/ps.  This  means  that  a 
noise  signal  in  VAK  with  a  rate  of  rise  equal  to  50  V/ps  may  cause  false  triggering. 

Obviously,  50  V  of  noise  would  never  occur  under  normal  circumstances.  However, 
even  a  relatively  small  amount  of  noise  can  have  a  sufficient  rate  of  increase  to  cause 
false  triggering.  To  determine  the  rate  of  increase  of  a  given  noise  signal  in  V/ps,  the 
following  conversion  formula  can  be  used: 


dv 

dt 


A  t 


(20.4) 


where  —  =  the  critical  rise  rating  of  the  component 
dt 

At  =  the  rise  time  of  the  increase  in  VAK 
AV  =  the  amount  of  change  in  VAK 


As  Example  20.4  demonstrates,  even  a  small  amount  of  noise  in  VAK  can  cause  false 
triggering  if  the  rise  time  of  the  noise  signal  is  short  enough. 


EXAMPLE  20.4 _ 

A  2N6400  SCR  is  used  in  a  circuit  where  2  ns  (rise  time)  noise  signals  occur  ran¬ 
domly.  Determine  the  noise  amplitude  required  to  cause  false  triggering. 

Solution:  With  a  critical  rise  rating  of  50  V/ps,  the  amplitude  that  may  cause 
false  triggering  is  found  as 

AV  =  %  At  =  (50  V/ps)(2  ns)  =  100  mV 

/It 


As  you  can  see,  with  a  2  ns  rise  time,  only  1 00  mV  of  noise  is  required  to  cause  false 
triggering. 

Practice  Problem  20.4 

The  C35D  SCR  has  a  critical  rise  rating  of  25  V/ps.  Determine  the  amplitude  of 
noise  needed  to  cause  false  triggering  when  the  noise  signal  rise  time  is  100  ps. 


As  you  can  see,  many  of  the  critical  SCR  parameters  deal  with  the  current  limits  and  false 
triggering  limits  of  the  device.  At  this  point,  we’ll  move  on  to  look  at  some  methods  com¬ 
monly  used  to  prevent  false  triggering. 


20.2.4  Preventing  False  Triggering 

You  have  been  shown  that  false  triggering  is  usually  caused  by  one  of  two  conditions: 


A  Practical  Consideration: 

False  triggering  can  also  be 

bytemp^r8tpWas.is  the . 


1.  A  noise  signal  at  the  gate  terminal. 

2.  A  short  rise-time  noise  signal  in  VAK. 

Noise  from  the  gate  signal  source  is  generally  reduced  using  one  of  the  two  methods  shown 
in  Figure  20.12.  In  Figure  20.12a,  the  gate  is  connected  (via  a  gate  resistor)  to  a  negative  dc 
power  supply.  For  the  sake  of  discussion,  let’s  assume  that  the  gate  supply  voltage  is  —  2  V. 
If  this  is  the  case,  the  noise  at  the  gate  would  have  to  be  greater  than  (2  V  +  VGD)  to  cause 
false  triggering.  This  is  not  likely  to  occur  under  any  normal  circumstances. 
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(a)  Gate  biasing  voltage  (b)  Gate  bypass  capacitor 

FIGURE  20.12  Preventing  false  triggering. 

The  circuit  in  Figure  20.12b  uses  a  bypass  capacitor  connected  between  the  gate  termi¬ 
nal  and  ground.  This  capacitor,  which  shorts  any  gate  noise  to  ground,  is  normally 
between  0.1  and  0.0 1  p,F.  Of  the  two  methods  shown  in  Figure  20.12,  the  bypass  capaci¬ 
tor  in  Figure  20.12b  is  by  far  the  more  commonly  used  because  the  capacitor  provides  a 
very  inexpensive  solution  to  the  gate  noise  problem. 

Noise  in  VAK  is  normally  eliminated  by  the  use  of  a  snubber  network.  A  snubber  is  an 
RC  circuit  connected  between  the  anode  and  cathode  terminals  of  the  SCR.  A  snubber 
network  is  shown  in  Figure  20. 13.  The  capacitor  (Q  effectively  shorts  any  noise  in  VAK  to 
ground.  The  resistor  ( R )  is  included  to  limit  the  capacitor  discharge  current  when  the  SCR 
turns  on. 


FIGURE  20.13  An  RC  snubber  network. 

It  should  be  noted  that  noise  in  VAK  (Figure  20.13)  would  originate  in  the  dc  voltage 
source  (V?).  Assuming  that  Vs  comes  from  a  standard  dc  power  supply,  any  noise  gener¬ 
ated  in  the  supply  is  coupled  to  the  SCR  circuit.  This  noise  is  reduced  by  the  snubber  to  a 
level  that  prevents  it  from  causing  false  triggering. 

False  triggering  is  most  commonly  caused  by  exceeding  the  critical  rise  (dv/dt)  rating 
of  a  given  SCR.  For  this  reason,  snubber  networks  are  included  in  most  SCR  circuits. 

20.2.5  SCR  Applications 

The  SCR  is  the  most  commonly  used  of  the  thyristors.  Most  SCR  applications  are  found 
in  the  area  of  industrial  electronics,  which  deals  with  the  devices,  circuits,  and  systems 
used  in  manufacturing.  Although  we  cannot  cover  all  the  possible  applications  for  the 
SCR,  we  will  touch  briefly  on  a  couple  of  them  in  this  section. 

20.2.6  The  SCR  Crowbar 

One  common  application  for  the  SCR  is  in  a  type  of  circuit  called  a  crowbar.  A  crowbar 
is  a  circuit  used  to  protect  a  voltage-sensitive  load  from  excessive  dc  power  supply  output 


Snubber  network 

An  RC  circuit  that  is  connected 
between  the  SCR  anode  and 
cathode  to  eliminate  false 
triggering. 


◄  OBJECTIVES 
Industrial  electronics 

The  area  of  electronics  that 
deals  with  the  devices,  circuits, 
and  systems  used  in 
manufacturing. 
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Crowbar 

A  circuit  used  to  protect  a 
voltage-sensitive  load  from 
excessive  dc  power  supply 
output  voltages. 


voltages.  The  crowbar  circuit  shown  in  Figure  20.14  consists  of  a  zener  diode,  a  gate 
resistor  ( RG ),  and  an  SCR.  The  circuit  also  contains  a  snubber  to  prevent  false  triggering. 


A  Practical  Consideration: 
The  I2t  rating  of  the  SCR  is 
especially  critical  when  the  dc 


In  the  crowbar  shown,  the  zener  diode  and  the  SCR  are  normally  off.  With  the  zener 
diode  in  cutoff,  there  is  no  path  for  current  through  Rc,  and  no  voltage  is  developed 
across  the  resistor.  With  no  voltage  developed  across  Rc,  the  gate  of  the  SCR  is  at  0  V, 
holding  the  device  in  the  off-state.  As  long  as  the  zener  diode  is  off,  the  SCR  is  acting  as 
an  open  and  does  not  affect  either  the  dc  power  supply  or  the  load. 

If  the  power  supply  output  voltage  increases  beyond  a  certain  point,  the  zener  diode 
conducts.  The  current  through  the  zener  diode  causes  a  voltage  to  be  developed  across 
Rg.  This  voltage  forces  the  SCR  into  conduction.  When  the  SCR  conducts,  the  output 
from  the  dc  power  supply  is  shorted  through  the  device  and  the  load  is  protected. 

Several  points  should  be  made  regarding  this  circuit: 

1.  The  SCR  would  be  activated  only  by  some  major  fault  within  the  dc  power  supply 
that  causes  its  output  voltage  to  increase  drastically.  Once  activated,  the  SCR  con¬ 
tinues  to  conduct  until  the  power  supply  fuse  opens. 

2.  The  circuit  fusing  ( I2t )  rating  of  the  SCR  must  be  high  enough  to  ensure  that  the 
SCR  isn’t  destroyed  before  the  power  supply  fuse  has  time  to  blow.  If  the  SCR 
gives  out  before  the  power  supply  fuse,  the  power  supply  will  continue  to  operate 
and  the  load  may  be  damaged  after  all. 

3.  The  SCR  in  the  crowbar  is  considered  to  be  expendable,  which  is  why  there  is  no 
series  current-limiting  resistor  in  the  circuit.  The  object  of  the  circuit  is  to  protect 
the  load,  not  the  SCR. 

4.  The  SCR  in  a  crowbar  should  be  replaced  after  activation  of  the  circuit  as  a  pre¬ 
caution  against  future  component  failure  from  possible  internal  damage. 


Circuit  protection  is  not  the  only  application  for  the  SCR.  A  completely  different  type 
of  application  can  be  found  in  the  SCR  phase  controller. 


Phase  controller 

A  circuit  used  to  control  the 
conduction  angle  through  a  load 
and,  thus,  the  average  load 
voltage. 

Conduction  angle 

The  portion  of  the  input 
waveform  (in  degrees)  that  is 
coupled  to  the  load. 

Firing  angle 

The  point  on  the  input 
waveform  (in  degrees)  at  which 


the  SCR  trigg  ers,a 
conduction  to  1 


.  load 


20.2.7  The  SCR  Phase  Controller 

A  phase  controller  is  a  circuit  that  is  used  to  control  the  conduction  angle  through  a  load 
and,  thus,  the  average  load  voltage.  For  example,  by  varying  the  setting  of  the  poten¬ 
tiometer  ( R2 )  in  the  phase  controller  in  Figure  20.15a,  we  can  vary  the  conduction  angle 
(6)  through  the  load  as  shown  in  Figure  20.15b.  The  conduction  angle  of  a  phase  con¬ 
troller  indicates  the  portion  of  the  input  waveform  (in  degrees)  that  is  coupled  to  the  load. 
For  example,  the  load  ( vL )  waveforms  in  Figure  20.15b  show  three  conduction  angles  as 
shaded  areas.  When  the  conduction  angle  (0)  is  180°,  the  entire  alternation  is  coupled  to 
the  load.  When  the  conduction  angle  is  90°,  half  the  alternation  is  coupled  to  the  load, 
and  so  on.  Note  that  the  point  on  the  waveform  at  which  the  SCR  triggers  (allowing  load 
conduction  to  begin)  is  often  referred  to  as  the  firing  angle.  For  example,  assume  the 
middle  vL  waveform  represents  a  phase  controller  that  allows  conduction  to  begin  at  45°. 
In  this  case,  the  firing  angle  is  45°,  and  the  conduction  angle  (0)  is  found  as  0  =  180°  — 
45°  =  135°. 
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FIGURE  20.15  The  SCR  phase  controller. 


Conduction  through  the  load  in  Figure  20.15a  is  controlled  by  the  SCR.  When  vin 
causes  the  voltage  at  point  A  to  reach  a  specified  level,  called  the  trigger-point  voltage 
(VTP),  the  SCR  is  triggered  into  conduction.  Once  triggered,  the  SCR  allows  vin  to  pass 
through  to  the  load  and  continues  to  conduct  for  the  remainder  of  the  positive  alternation 
of  vin.  The  relationship  among  the  voltage  at  point  A,  the  value  of  VTP,  and  load  conduc¬ 
tion  can  be  seen  in  the  three  waveforms  in  Figure  20. 15b. 

For  the  SCR  to  be  triggered  into  conduction,  the  voltage  at  point  A  must  reach  the 
level  specified  by  the  following  equation: 


Trigger-point  voltage  (VTP) 
The  voltage  required  at  the 
anode  of  the  gate  diode  to 
trigger  the  SCR. 


Lab  Reference:  The  operation  of 
an  SCR  phase  controller  is 
demonstrated  in  Exercise  34. 


VTp  —  VF  +  VGT 


where  VF  -  the  forward  voltage  drop  across  the  gate  diode  (£>,) 

VGT  =  the  gate  trigger  voltage  rating  of  the  SCR 

The  gate  trigger  voltage  of  the  SCR  is  the  value  of  VGK  that  will  cause  Ic  to  reach  a  level 
sufficient  to  trigger  the  SCR  into  conduction. 

When  the  voltage  at  point  A  reaches  the  value  of  VTP,  it  is  sufficient  to  overcome 
the  forward  voltage  drop  across  £>,  and  the  value  of  VGT  for  the  SCR.  This  triggers  the 
SCR  into  conduction  for  the  remainder  of  the  positive  alternation  of  vin.  When  vin  goes 
negative,  the  anode  voltage  of  the  SCR  also  goes  negative.  This  causes  the  SCR  cur¬ 
rent  to  drop  below  the  holding  current  ( lH )  value  of  the  device,  and  it  returns  to  the 
off-state. 

An  important  point  needs  to  be  made  regarding  the  circuit  and  waveforms  shown  in 
Figure  20.15:  The  waveforms  shown  in  the  figure  are  somewhat  misleading.  You  see,  the 
value  of  VTP  for  a  given  phase  controller  is  a  fixed  value,  while  the  amplitude  of  the  sine 
wave  at  point  A  is  variable.  For  example,  let’s  say  that  the  value  of  VGT  for  the  SCR  in 
Figure  20.15a  is  1.5  V.  This  gives  the  circuit  a  trigger-point  voltage  found  as 


Gate  trigger  voltage  ( VGT ) 
The  value  of  VGK  that  causes  IG 
to  reach  a  level  sufficient  to 
trigger  the  SCR  into 
conduction. _ _ 

Turning  an  SCR  off  by 
reversing  the  anode  voltage 


VTP  =  VF  +  VGT  =  0.7  V  +  1.5  V  =  2.2  V 


This  is  the  voltage  required  at  point  A  to  trigger  the  SCR  into  conduction.  The  voltage 
divider  ( R{  and  R2)  applies  a  sine  wave  to  point  A  that  is  proportional  to  vin.  As  the  set¬ 
ting  of  R2  is  increased,  the  amplitude  of  the  sine  wave  at  point  A  is  also  increased.  Thus, 
by  increasing  the  setting  of  R2,  we  decrease  the  value  of  vin  required  to  cause  the  voltage 
at  point  A  to  reach  the  value  of  VTP.  In  the  same  fashion,  decreasing  the  setting  of  R2 
increases  the  value  of  vin  required  to  cause  the  voltage  at  point  A  to  reach  the  value  of 
VTP.  In  other  words,  adjusting  R2  changes  the  amplitude  of  VA,  not  the  value  of  VTP  for 
the  circuit. 
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A  Practical  Consideration: 

The  fact  that  the  value  of  Vave 
for  a  phase  controller  is 
variable  makes  the  circuit  very 
useful  as  a  speed  controller  for 
a  dc  motor.  Increasing  (or 
decreasing)  die  value  of  yave 

rotational  speed  to  increase  (or 
decrease).  A  phase  t 


A  few  more  points  should  be  made  with  regard  to  the  circuit  in  Figure  20. 15a: 

1.  The  capacitor  between  the  SCR  gate  and  cathode  terminals  (CO  is  included  to  pre¬ 
vent  false  triggering. 

2.  SCRs  tend  to  have  relatively  low  gate  breakdown  voltage  ratings,  typically  10  V  or 
less.  For  this  reason,  D,  is  used  in  the  circuit  to  prevent  the  negative  alternation  of 
vin  from  being  applied  to  the  SCR  gate-cathode  junction. 

3.  The  load  resistance  is  in  series  with  the  SCR  and,  thus,  acts  as  the  series  current- 
limiting  resistor  for  the  device. 

4.  The  mathematical  relationship  between  the  load  conduction  angle  (0)  and  the  aver¬ 
age  (dc  equivalent)  load  voltage  (Vave)  is  defined  using  integral  calculus  and,  thus,  is 
not  given  here.  However,  it  can  be  stated  that  the  value  of  Vave  for  a  waveform  varies 
with  the  area  under  the  waveform.  As  the  area  under  the  waveform  decreases,  so 
does  its  average  value.  Therefore,  by  reducing  the  R2  setting  in  Figure  20.15a,  we 
reduce  the  values  of  0  and  Vave. 


A  phase  controller  can  be  modified  (as  shown  in  Figure  20.16)  to  provide  additional 
control  over  the  firing  angle.  In  this  circuit,  the  added  capacitor  (Ci)  forms  a  delay  circuit 
with  Rf  and  R2.  By  adjusting  the  setting  of  R2,  the  firing  angle  can  be  set  beyond  the  90° 
point  on  the  input  waveform  (which  would  not  be  possible  otherwise). 


A  Practical  Consideration: 

SCR  phase  controllers  are  often 
used  to  control  the  rotating 
speed  of  a  dc  motor.  In  this 
application,  a  shorted  SCR 


Rl 


VS  =  VbR(F)  +  IhRL 
FIGURE  20.17  An  SCR  test 
circuit. 


FIGURE  20.16  Modified  phase-angle  controller. 


20.2.8  SCR  Testing 

Whenever  possible,  in-circuit  testing  on  an  SCR  is  performed.  An  open  SCR  remains  in 
the  nonconducting  state  when  triggered.  A  shorted  SCR  usually  conducts  regardless  of 
the  polarity  of  the  anode-cathode  voltage  (VAK).  In  either  case,  the  SCR  fault  can  be  diag¬ 
nosed  by  checking  the  gate,  anode,  and  cathode  voltages  of  the  device  with  a  voltmeter  or 
an  oscilloscope. 

In  some  circuits  (like  crowbars),  it  is  impractical  to  perform  any  type  of  in-circuit  tests 
on  the  SCR.  In  this  case,  the  device  must  be  tested  using  a  circuit  like  the  one  shown  in  Fig¬ 
ure  20.17.  The  circuit  is  initially  set  up  so  that  VGK  is  approximately  0  V.  The  value  of  R,  is 
selected  to  equal  the  value  used  in  the  VGT  listing  on  the  spec  sheet  of  the  device.  For  exam¬ 
ple,  the  2N6400  series  SCRs  list  a  value  of  RG  =  100  ft  for  the  testing  of  VGT  (see  the  spec 
sheet  in  Figure  20. 1 1).  Thus,  when  testing  one  of  these  SCRs,  RL  would  be  a  100  ft  resistor. 
The  value  of  Vs  is  set  to  equal  the  sum  of  VHR(F)  and  IHRL  (as  shown  in  the  figure). 

To  test  the  SCR,  the  setting  of  R,  is  decreased  until  Vc  equals  the  value  of  VGT.  At  this 
point,  the  SCR  should  trigger,  and  VAK  should  drop  to  a  relatively  low  value.  If  the  device 
fails  to  trigger,  Rx  is  varied  across  its  entire  range.  If  the  device  continues  in  the  non¬ 
conducting  state,  it  is  open  and  must  be  replaced. 
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20.2.9  Summary 

The  SCR  is  a  three-terminal  device  that  acts  as  a  gated  SUS.  The  device  is  normally  trig¬ 
gered  into  conduction  by  applying  a  gate-cathode  voltage  ( VGK )  that  causes  a  specific 
level  of  gate  current  (/G).  This  gate  current  triggers  the  device  into  conduction. 

Like  the  SUS,  the  SCR  is  returned  to  its  nonconducting  state  by  either  anode  current 
interruption  or  forced  commutation.  When  turned  off,  the  device  remains  in  its  noncon¬ 
ducting  state  until  another  trigger  is  received. 

Two  critical  SCR  ratings  are  the  circuit  fusing  and  critical  rise  ratings.  If  the  circuit 
fusing  ( I2t )  rating  is  exceeded,  the  device  is  destroyed  by  excessive  power  dissipation.  If 
the  critical  rise  ( dv/dt )  rating  is  exceeded  by  noise  in  the  anode  voltage,  the  device  may 
experience  false  triggering.  False  triggering,  a  condition  where  the  device  is  unintention¬ 
ally  triggered  into  conduction,  can  also  be  caused  by  excessive  noise  in  the  gate  circuit 
biasing  voltage.  False  triggering  is  normally  prevented  by  the  use  of  snubber  networks 
and  gate  bypass  capacitors. 

SCR  applications  generally  fall  into  one  of  two  categories:  load  overvoltage  protection 
and  limiting  the  conduction  through  a  load.  The  characteristics  of  the  SCR  are  summa¬ 
rized  in  Figure  20.18. 


Silicon-Controlled  Rectifiers  (SCRs) 


Symbol 


Abode 


Cathode 


Forward  operating  region 
(also  called  on-state  or 
conducting  state) 


Forward 

operai.ng 

curve: 


Forward  blocking  region 
(also  called  off-state  or 
nonconducting  state) 


Normal 

triggering: 


Holding  VAK  constant  and  applying  a  gate  trigger  signal 
Holding  VGK  constant  and  increasing  VAK 


Circuit  fusing  (l2t) 
Critical  rise  (dv/dt) 


Critical  ratings 


Load  protection  (as  in  the  crowbar) 
Controlling  load  conduction  («t^i: ' 


■Wtoations. 


FIGURE  20.18 
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Section  Review  ► 


Critical  Thinking  ► 


1.  Describe  the  construction  of  the  SCR. 

2.  What  is  the  forward  blocking  region  of  the  SCR? 

3.  What  is  the  forward  operating  region  of  the  SCR? 

4.  List  the  methods  used  to  trigger  an  SCR. 

5.  List  the  methods  used  to  force  an  SCR  into  cutoff. 

6.  Using  the  operating  curve  in  Figure  20.10,  describe  the  forward  operation  of  the  SCR. 

7.  What  is  the  circuit  fusing  ( I2t )  rating  of  an  SCR?  Why  is  it  important? 

8.  What  is  false  triggering  ? 

9.  Which  SCR  ratings  are  tied  directly  to  false  triggering  problems? 

10.  How  does  a  gate  bypass  capacitor  prevent  false  triggering? 

11.  What  is  a  snubber  network ?  What  is  it  used  for? 

12.  What  is  the  function  of  the  SCR  crowbarl 

13.  Describe  the  operation  of  the  crowbar. 

14.  What  is  the  function  of  the  SCR  phase  controller ? 

15.  Describe  the  operation  of  the  SCR  phase  controller. 

16.  What  are  the  typical  in-circuit  symptoms  of  open  and  shorted  SCRs? 

17.  In  Figure  20. 14,  why  not  use  a  fuse  in  series  with  the  load  rather  than  the  more 
expensive  crowbar  circuit? 

18.  Why  would  it  be  impractical  to  perform  in-circuit  tests  on  the  SCR  in  a  crowbar  circuit? 


20.3  Diacs  and  Triacs 


OBJECTIVE  6  ►  Diacs  and  triacs  are  components  that  are  classified  as  bidirectional  thyristors.  The 
term  bidirectional  means  that  they  are  capable  of  conducting  in  two  directions.  For  all 
practical  purposes,  the  diac  can  be  viewed  as  a  bidirectional  SUS,  and  the  triac  can  be 
viewed  as  a  bidirectional  SCR.  Since  these  components  are  extremely  similar  in  opera¬ 
tion  to  the  thyristors  we  have  discussed,  most  of  the  material  in  this  section  will  seem 
more  like  a  review. 


Bidirectional  thyristor 

A  thyristor  capable  of 
conducting  in  two  directions. 


20.3.1  Diacs 


Diac 

A  two-terminal,  three-layer 
device  with  forward  and  reverse 
characteristics  that  are  identical 
to  the  forward  characteristics  of 
the  SUS. 


The  diac  is  a  two-terminal,  three-layer  device  with  forward  and  reverse  operating  charac¬ 
teristics  that  are  identical  to  the  forward  characteristics  of  the  SUS.  The  diac  symbol  and 
construction  are  shown  in  Figure  20.19. 

As  you  can  see,  the  construction  of  the  diac  is  extremely  similar  to  that  of  the  npn  (or  pnp) 
transistor.  However,  there  are  several  crucial  differences: 

1.  There  is  no  base  connection. 

2.  The  three  regions  are  nearly  identical  in  size. 

3.  The  three  regions  have  nearly  identical  doping  levels. 


Diacs  are  often  referred  to  as 


FIGURE 


Anode  1  Anode  1 


Anode  2  Anode  2  Anode  2  Anode  2 

(a)  Commonly  used  symbols  (b)  Construction 

20.19  Diac  construction  and  schematic  symbols. 
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In  contrast,  the  BJT  has  an  extremely  narrow  and  lightly  doped  base  (center)  region,  as 
you  were  shown  in  Chapter  6.  Note  that  the  diac  can  be  constructed  in  either  npn  or  pnp 
form.  The  operating  principles  are  identical  for  the  two. 

The  operating  curve  of  the  diac  is  shown  in  Figure  20.20.  As  you  can  see,  the  forward 
and  reverse  operating  characteristics  are  identical  to  the  forward  characteristics  of  the 
SUS.  In  either  direction,  the  device  acts  as  an  open  until  the  breakover  voltage  (VBR)  is 
reached.  At  that  time,  the  device  is  triggered  and  conducts  in  the  appropriate  direction. 
Conduction  then  continues  until  the  device  current  drops  below  its  holding  current  (IH) 
value.  Note  that  the  breakover  voltage  and  holding  current  values  are  usually  identical  for 
the  forward  and  reverse  regions  of  operation. 


If 


FIGURE  20.20  The  diac  operating  curve. 


The  diac  can  be  triggered  into  conduction  by  an  increase  in  temperature.  The  most 
common  application  for  the  diac  is  as  a  triac  triggering  device  in  ac  control  circuits.  This 
application  will  be  discussed  later  in  this  section. 

20.3.2  Triacs 

The  triac  is  a  three-terminal,  five-layer  device  with  forward  and  reverse  characteristics 
that  are  identical  to  the  forward  characteristics  of  the  SCR.  The  triac  symbol  and  con¬ 
struction  are  shown  in  Figure  20.21. 

The  primary  conducting  terminals  are  identified  as  main  terminal  1  ( MT1 )  and  main 
terminal  2  ( MT2 ).  Note  that  MT1  is  the  terminal  on  the  same  side  of  the  device  as  the  gate. 


FIGURE  20.21 


(a)  Symbol 


(b)  Construction 


Triac  construction  and  schematic  symbol. 


Section  20.3 


Both  anode  current 
interruption  and  forced 
anamination  are  used  to  drive  a 

. 


A  Practical  Consideration: 
Most  diacs  have  symmetrical 
forward  and  reverse  curves  (as 
shown  here).  However,  some 
diacs  have  asymmetrical 


Triac 

A  bidirectional  thyristor  whose 
forward  and  reverse 
characteristics  are  identical  to 
the  forward  characteristics  of 
the  SCR. 


Triacs  are  also  referred  to  as 
triodes  and  bidirectional  triode 
thyristors  (.the  JEDEC 

Diacs  and  Triacs  857 


If  we  split  the  triac  as  shown  in  Figure  20.22,  it  is  easy  to  see  that  we  have  comple¬ 
mentary  SCRs  that  are  connected  in  parallel.  When  MT2  is  positive  and  MT1  is  negative, 
a  triggered  triac  has  the  conduction  path  shown  on  the  left  in  Figure  20.22b.  When  MT2 
is  negative  and  MT1  is  positive,  a  triggered  triac  has  the  conduction  path  shown  on  the 
right.  Note  that  the  triggered  triac  conducts  in  the  appropriate  direction  as  long  as  the  cur¬ 
rent  through  the  device  is  greater  than  its  holding  current  ( IH )  rating. 


(+)  MT2  (-) 


FIGURE  20.22  Triac  split  construction  and  currents. 

OBJECTIVE  7  ►  Because  of  its  unique  structure,  the  operating  curve  of  the  triac  is  a  bit  more  compli¬ 
cated  than  any  we  have  seen  thus  far.  The  triac  operating  curve  is  shown  in  Figure  20.23. 
The  graph  in  Figure  20.23  is  divided  into  four  quadrants,  labeled  I,  II,  III,  and  IV.  Each 
quadrant  has  the  MT2  and  G  (gate)  polarities  shown.  For  example,  quadrant  I  indicates  the 
operation  of  the  device  when  MT2  is  positive  (with  respect  to  MT1)  and  a  positive  poten¬ 
tial  is  applied  to  the  gate.  Quadrant  III  indicates  the  operation  of  the  device  when  MT2  is 
negative  (with  respect  to  MT1)  and  a  negative  potential  is  applied  to  the  gate,  and  so  on. 


Ir 

FIGURE  20.23  The  triac  operating  curve. 
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Operation  in  quadrant  I  is  identical  to  the  operation  of  the  SCR.  All  the  SCR  character¬ 
istics  apply  to  the  triac  operated  in  the  first  quadrant.  For  example: 

1.  The  device  remains  in  the  off-state  until  VBR(F)  is  reached  or  a  positive  gate  trigger 
voltage  (VGT)  generates  a  gate  current  (/G)  sufficient  to  trigger  the  device. 

2.  The  device  may  be  false  triggered  by  increases  in  temperature,  gate  noise,  or  anode 
(MT2)  noise. 

3.  Once  triggered,  the  device  continues  to  conduct  until  the  forward  current  drops 
below  its  holding  current  (IH)  rating. 

Note  that  when  operated  in  quadrant  I,  the  current  through  the  triac  is  in  the  direction 
shown  on  the  left  side  of  Figure  20.22b. 


2N6344,  2N6349 

Preferred  Device 

Triacs 

Silicon  Bidirectional  Thyristors 

Designed  primarily  for  full-wave  ac  control  applications,  such  as 
light  dimmers,  motor  controls,  heating  controls,  and  power  supplies; 
or  wherever  full-wave  silicon  gate  controlled  solid-state  devices  are 
needed.  Triac  type  thyristors  switch  from  a  blocking  to  a  conducting 
state  for  either  polarity  of  applied  main  terminal  voltage  with  positive 
or  negative  gate  triggering. 

•  Blocking  Voltage  to  800  Volts 

•  All  Diffused  and  Glass  Passivated  Junctions  for  Greater  Parameter 


ON  Semiconductor™ 

http://onsemi.com 


TRIACS 

8  AMPERES  RMs 
600  thru  800  VOLTS 


Uniformity  and  Stability 

•  Small,  Rugged,  Thermowatt  Construction  for  Low  Thermal 
Resistance,  High  Heat  Dissipation  and  Durability 

•  Gate  Triggering  Guaranteed  in  all  Four  Quadrants 

•  For  400  Hz  Operation,  Consult  Factory 

•  Device  Marking:  Logo,  Device  Type,  e.g.,  2N6344,  Date  Code 


MAXIMUM  RATINGS  (Tj  -  25°C  unless  otherwise  noted) 


Rating 

Symbol 

Value 

Unit 

'Peak  Repetitive  Off-State  Voltage  (1) 

(Tj  =  -40  to  +1 1 0  °C,  Sine  Wave  50  to 

60  Hz,  Gate  Open)  2N6344 

2N6349 

VDRM, 

VRRM 

600 

800 

Volts 

*On-State  RMS  Current 
(Tc  =  +80°C) 

Full  Cycle  Sine  Wave  50  to  60  Hz 
(Tc  =  +90°C) 

hfRMS) 

8.0 

4.0 

Amps 

'Peak  Non-Repetive  Surge  Current 
(One  Full  Cycle,  Sine  Wave  60  Hz, 

Tc  =  +25°C) 

Preceded  and  followed  by  rated  current 

Gsm 

100 

Amps 

Circuit  Fusing  Consideration  (t  =  8.3  ms) 

Ft 

40 

A2s 

'Peak  Gate  Power 
(Tc  =  +80°C,  Pulse  Width  =  2.0  ps) 

PGM 

20 

Watts 

'Average  Gate  Power 
(Tc  =  +80°C,  t  =  8.3  ms) 

PG(AV) 

0.5 

Watts 

'Peak  Gate  Current 
(Tc  =  +80°C,  Pulse  Width  =  2.0  ps) 

'gm 

2.0 

Amps 

‘Peak  Gate  Voltage 
(Tc  =  +80°C,  Pulse  Width  =  2.0  ps) 

VGM 

10 

Volts 

‘Operating  Junction  Temperature  Range 

Tj 

-40  to 
+125 

°c 

'Storage  Temperature  Range 

Tstg 

-40  to 
+150 

°c 

1  ■  VDRM  an(f  VRRM  f°r  a"  types  can  be  applied  on  a  continuous  basis.  Blocking 
voltages  shall  not  be  tested  with  a  constant  current  source  such  that  the 
voltage  ratings  of  the  devices  are  exceeded. 


H=rr 


TO-220AB 
CASE  221 A 
STYLE  4 


PIN  ASSIGNMENT 

1 

Main  Terminal  1 

2 

Main  Terminal  2 

3 

Gate 

4 

Main  Terminal  2 

(a) 

FIGURE  20.24  The  2N6344  and  2N6349  triac  specification  sheet.  (Copyright  of  Semi¬ 
conductor  Component  Industries,  LLC.  Used  by  permission.) 
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THERMAL  CHARACTERISTICS 


WmMmmmmamssammBBaBmm 

‘Thermal  Resistance,  Junction  to  Case 

R0JC 

2.2 

°C/W 

Maximum  Lead  Temperature  for  Soldering  Purposes  1/8"  from  Case  for  10  Seconds 

260 

"C 

ELECTRICAL  CHARACTERISTICS  (Tj  =  25°C  unless  otherwise  noted;  Electricals  apply  in  both  directions) 


1  .“:A  :  ETT= 

OFF  CHARACTERISTICS 


‘Peak  Repetitive  Blocking  Current 
(VD  =  Rated  VDRM,  VRRM,  Gate  Open) 

Tj  =  25'C 

'dRM 

'rrm 

_ 

10 

pA 

Tj  =  100°C 

— 

— 

2.0 

mA 

ON  CHARACTERISTICS 


‘Peak  On-State  Voltage 

VTM 

_ 

1.3 

1.55 

Volts 

(lTM  =  + 11  A  Peak;  Pulse  Width  =  1  to  2  ms,  Duty  Cycle  <  2%) 

Gate  Trigger  Current  (Continuous  dc) 

■gt 

mA 

(VD  =  12  Vdc,  Ru  =  100  Ohms) 

MT2(+),  G(+) 

_ 

12 

50 

MT2(+),  G(-) 

— 

12 

75 

MT2(-),  G(-) 

— 

20 

50 

MT2(-),  G(+) 

— 

35 

75 

*MT2(+),  G(+);  MT2(-),  G(-)  T0  =  -40°C 

— 

— 

100 

*MT2(+),  G(-);  MT2(~),  G(+)  Tc  =  -40°C 

— 

— 

125 

Gate  Trigger  Voltage  (Continuous  dc) 

VST 

Volts 

(VD  =  12  Vdc,  RL  =  100  Ohms) 

MT2(+),  G(+) 

_ 

0.9 

2.0 

MT2(+),  G(-) 

— 

0.9 

2.5 

MT2(-),  G(-) 

— 

1.1 

2.0 

MT2( — ),  G(+) 

— 

1.4 

2.5 

*MT2(+),  G(+);  MT2(-),  G(-)  Tc  =  -40°C 

— 

— 

2.5 

*MT2(+),  G(-);  MT2(-),  G(+)  Tc  =  -40°C 

— 

— 

3.0 

Gate  Non-Trigger  Voltage  (Continous  dc) 

(VD  =  Rated  VDRM,  RL  =  100  k  Ohms,  Tj  =  100°C) 

*MT2(+),  G(+);  MT2(-),  G(-);  MT2(+),  G(-);  MT2(-),  G(-) 

1 — 
o 
> 

0.2 

_ 

_ „ 

Volts 

•Holding  Current 

■I 

mA 

(VD  =  12  Vdc,  Gate  Open)  Tc  =  25°C 

— 

6.0 

(Initiating  Current  =  ±  200  mA)  *TC  =  -40°C 

— 

— 

mm 

*Turn-On  Time 

_ 

1.5 

2.0 

ps 

(VD  =  Rated  VDRM,  Ijm  =  11  A,  lGT  =  120  mA. 

Rise  Time  =  0.1  ps,  Pulse  Width  =  2  ps) 

DYNAMIC  CHARACTERISTICS 


Critical  Rate  of  Rise  of  Commutation  Voltage 

dv/dt(c) 

— 

5.0 

— 

V/ps 

VD  =  Rated  VDRM,  lTM  =  11  A,  Commutating  di/dt  =  4.0  A/ms 
(Gate  Unenergized,  Tc  =  80°C) 

'Indicates  JEDEC  Registered  Data 


FIGURE  20.24  (continued) 


(b) 


Quadrant  III  operation  is  simply  a  reflection  of  quadrant  I  operation.  In  other  words, 
when  MT2  is  negative  (with  respect  to  MT1)  and  a  negative  gate  trigger  voltage  is 
applied  to  the  triac,  it  is  triggered  into  reverse  conduction,  as  shown  on  the  right  side  of 
Figure  20.22b.  Again,  all  the  SCR  characteristics  apply  to  the  triac;  the  direction  of  con¬ 
duction  has  simply  been  reversed. 

Quadrants  II  and  IV  indicate  the  unique  triggering  combinations  of  the  triac.  The  triac 
can  be  triggered  into  conduction  by  either  of  the  following  conditions: 


1.  Applying  a  negative  gate  trigger  while  MT2  is  positive  (quadrant  II). 

2.  Applying  a  positive  gate  trigger  while  MT2  is  negative  (quadrant  IV). 

These  triggering  combinations  are  possible  because  the  gate  is  physically  connected  to 
both  the  p2  and  n5  regions,  as  shown  in  Figure  20.22a.  When  quadrant  II  triggering 
occurs,  the  current  through  the  device  is  in  the  direction  indicated  on  the  left  side  of  Fig¬ 
ure  20.22b.  When  quadrant  IV  triggering  occurs,  the  current  through  the  device  is  in  the 
direction  shown  on  the  right  side  of  Figure  20.22b.  Since  the  polarity  of  MT2  (with 
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respect  to  MT1)  determines  the  direction  of  current  through  the  triac,  quadrant  II  trigger¬ 
ing  allows  current  in  the  same  direction  as  quadrant  I  triggering.  The  same  can  be  said  for 
quadrant  III  triggering  and  quadrant  IV  triggering. 

Confusing?  Let’s  take  a  look  at  the  VGT  parameters  for  a  typical  triac.  The  spec  sheet 
for  the  2N6344  triac  shown  in  Figure  20.24  lists  the  following  values: 

VGT( Maximum  Value)  Listed  Conditions  Indicated  Quadrant 

2  V  MT2  (+),  G  (+)  I 

2.5  V  MT2  (+),  G  (— )  II 

2  V  MT2  (— ),  G  (— )  III 

2.5  V  MT2  (  — ),  G  (+)  IV 

Note  that  these  values  of  VGT  were  measured  with  12  V  applied  across  the  component’s 
main  terminals.  Now,  let’s  apply  the  values  listed  to  the  triacs  shown  in  Figure  20.25.  The 
triacs  in  Figure  20.25  illustrate  the  polarities  required  for  triggering  in  each  quadrant. 
Using  the  spec  sheet  values: 

■  The  triac  drawn  in  quadrant  I  triggers  when  MT2  =  + 12  V  and  VGT  =  +2  V. 

■  The  triac  drawn  in  quadrant  II  triggers  when  MT2  =  + 12  V  and  VGT  =  —2.5  V. 

■  The  triac  drawn  in  quadrant  III  triggers  when  MT2  =  — 12  V  and  VGT  =  —  2  V. 

*  The  triac  drawn  in  quadrant  IV  triggers  when  MT2  =  — 12  V  and  VGT  =  +2.5  V. 


FIGURE  20.25  Triac  triggering. 

Note  that  the  values  of  VGT  listed  above  are  maximum  values  and  that  the  typical  values  of 
VGT  are  less  than  1  V.  Also,  note  the  direction  of  triac  current  for  each  operating  quadrant. 

Two  points  should  be  made  at  this  time: 

1.  Regardless  of  the  triggering  method  used,  triacs  are  forced  into  cutoff  in  the  same 
fashion  as  the  SCR.  Either  device  current  interruption  or  forced  commutation  must 
be  used  to  decrease  the  device  current  below  its  holding  current  ( IH )  rating.  At  that 
point,  the  device  enters  its  nonconducting  state  and  remains  in  cutoff  until  another 
trigger  is  received. 

2.  Except  for  the  quadrant  triggering  considerations,  the  spec  sheet  for  a  triac  is  nearly 
identical  to  that  of  an  SCR.  This  can  be  seen  by  comparing  the  triac  spec  sheet  in 
Figure  20.24  with  the  SCR  spec  sheet  in  Figure  20. 1 1 . 
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20.3.3  Controlling  Triac  Triggering 

The  low  values  of  VCT  required  to  trigger  a  triac  can  cause  problems  in  many  circuit 
applications.  For  example,  let’s  assume  that  the  triac  shown  in  Figure  20.26a  is  a  2N6344. 
According  to  its  spec  sheet,  the  2N6344  typically  triggers  into  quadrant  I  or  II  operation 
at  VGT  =  ±0.9  V.  Three  questions  arise  when  you  consider  these  gate  triggering  voltages: 

1.  What  if  we  want  the  2N6344  to  be  triggered  only  by  a  positive  gate  voltage? 

2.  What  if  we  want  the  2N6344  to  be  triggered  only  by  a  negative  gate  voltage? 

3.  What  if  we  want  positive  and  negative  triggering  but  at  higher  gate  voltage 
values? 

The  circuit  shown  in  Figure  20.26b  illustrates  the  method  commonly  used  to  provide  single¬ 
polarity  triggering.  In  the  circuit  shown,  D,  is  forward  biased  when  VGT  is  positive  and 
reverse  biased  when  VGT  is  negative.  Since  D]  conducts  only  when  VGT  is  positive,  the 
triac  can  be  triggered  only  by  a  positive  gate  signal.  The  potential  required  to  trigger  the 
device  equals  the  sum  of  VF  for  Z),  and  VGr.  By  reversing  the  direction  of  the  diode, 
we  limit  the  triggering  of  the  triac  to  negative  gate  voltages. 


o - 

VGT=  ±0.9  V 


MT1 


MT2 


(a)  (b) 

FIGURE  20.26  Controlling  triac  triggering. 


MT2 


(c) 


In  many  applications,  the  dual-polarity  triggering  characteristic  of  the  triac  is  desir¬ 
able  but  the  rated  values  of  VGT  for  the  device  are  too  low.  When  this  is  the  case,  the  trig¬ 
gering  levels  can  be  raised  by  using  a  diac  in  the  gate  circuit,  as  shown  in  Figure  20.26c. 
With  the  diac  present,  the  triac  can  still  be  triggered  by  both  positive  and  negative  gate 
voltages.  However,  to  get  conduction  in  the  gate  terminal  (which  is  required  for  trigger¬ 
ing),  the  voltage  at  (A)  must  overcome  the  values  of  VBR  (for  the  diac)  and  VGT.  For 
example,  in  Figure  20.26c,  we  have  placed  a  diac  with  VBR  values  of  ±20  V  in  the  gate 
circuit  of  the  triac.  For  the  2N6344  to  be  triggered  into  conduction,  VA  will  have  to  reach 
a  value  of 


VA  =  ±Vm  ±  For  =  ±21  V 


We  still  have  the  dual-polarity  triggering  that  we  want,  but  now  the  gate  trigger  signal 
(VA)  must  reach  approximately  ±21  V  to  trigger  the  triac  into  conduction.  Note  that 
thyristor  triggering  control  is  the  primary  application  for  the  diac.  It  is  also  one  of 
the  applications  for  a  device  we  will  discuss  in  the  next  section,  the  unijunction  tran¬ 
sistor  ( UJT ). 


20.3.4  Triac  Applications 

A  typical  triac  application  can  be  seen  in  the  phase  controller  in  Figure  20.27.  The  pri¬ 
mary  difference  between  the  triac  phase  controller  and  the  SCR  phase  controller  is  the 
triac’s  ability  to  conduct  during  both  alternations  of  the  input  signal. 

With  the  input  polarity  indicated  in  Figure  20.27,  Dx  is  forward  biased  and  D2  is 
reverse  biased.  This  puts  a  positive  voltage  at  point  A  in  the  circuit.  When  VA  is  high 
enough  to  overcome  the  VBR  rating  of  the  diac  and  the  VGT  rating  of  the  triac,  the  triac 
is  triggered  into  conduction,  providing  the  positive  output  cycle  shown.  When  the 
input  polarity  reverses,  D]  becomes  reverse  biased  and  D2  becomes  forward  biased.  In 
this  case,  point  A  is  still  positive,  but  MT2  is  now  negative.  When  the  triac  is  trig- 
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FIGURE  20.27  A  triac  phase  controller. 


gered,  the  current  direction  through  the  load  is  reversed  and  the  negative  output  cycle 
is  produced.  Note  that  the  triac  in  Figure  20.27  is  quadrant  I  triggered  during  the  posi¬ 
tive  alternation  of  the  input  and  quadrant  IV  triggered  during  the  negative  alternation 
of  the  input.  Also,  note  the  presence  of  the  diac  and  triac  snubber  networks.  These  are 
included  because  the  diac  and  triac  are  subject  to  the  same  false  triggering  problems 
as  the  SCR. 

Figure  20.28  shows  an  improved  circuit  that  can  extend  the  firing  angle  beyond  90°.  It 
uses  a  variable  RC  network  to  replace  the  diodes  and  diac.  The  capacitor  also  reduces  the 
risk  of  false  triggering.  R3  is  included  to  prevent  any  surge  current  from  destroying  the  triac 
gate.  This  control  circuit  is  similar  in  operation  and  construction  to  the  SCR  circuit  shown 
in  Figure  20.16,  except  that  this  circuit  can  be  used  for  phase  control  over  a  range  of 
approximately  30°  to  320°. 


20.3.5  Component  Testing 

Diacs  and  triacs  are  almost  always  in-circuit  tested.  An  oscilloscope  can  be  used  to  check 
the  operation  of  each  of  these  components.  When  shorted,  both  components  act  as  low- 
value  resistors.  When  open,  the  components  do  not  conduct,  regardless  of  the  presence  of 
a  triggering  input. 

20.3.6  Summary 

The  diac  acts  as  a  bidirectional  SUS.  The  device  conducts  in  either  direction  ( anode  1  to 
anode  2  or  anode  2  to  anode  1)  when  the  terminal  voltage  reaches  the  breakover  potential 
of  the  device.  The  device  then  continues  to  conduct  until  its  current  is  driven  below  the 
holding  current  (IH)  rating  by  either  anode  current  interruption  or  forced  commutation. 

The  triac  acts  as  a  bidirectional  SCR.  The  triac  can  be  triggered  into  conduction  by  any 
one  of  four  biasing  and  triggering  combinations.  Because  of  the  ease  of  triac  triggering, 
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Schematic 

symbol:  M 


Operating 

curve: 


Triggering 

methods: 


Cutoff 

methods: 

Precautions: 


FIGURE  20.29 


Section  Review 


external  components  are  often  required  in  triac  circuits  to  restrict  the  conditions  under 
which  triggering  will  occur.  Like  all  the  thyristors  we  have  covered  so  far,  the  diac  and  triac 
are  subject  to  false  triggering  from  increases  in  temperature,  gate  noise,  and  anode  (main 
terminal)  noise.  The  characteristics  of  the  diac  and  triac  are  summarized  in  Figure  20.29. 


Diacs  and  Triacs 


Triacs 


Quadrant  It 
MT  2  (+),  G  (-) 


Quadrant! 
MT  2  (+),  G  (+) 


Quadrant  111 
MT2  H,  G  H 


Quadrant  IV 
MT  2  Hr  G  (+) 


•  Applying  any  of  the  MT2  (±) 
and  G  (±)  combinations  shown 
above. 

MT  current  interruption  or 
forced  commutation. 

pgfe  •  '  P: 

Subject  to  false  triggering 
caused  by  an  increase  in 
temperature  or  noise. 


•  Applying  a  voltage  across 
the  device  that  meets  either 
VBB(F)  or  VBR(Rr 

Anode  current  interruption  or 
forced  commutation. 


Subject  to  false  triggering 
caused  by  an  increase  in 
temperature  or  noise. 


1.  What  is  a  bidirectional  thyristorl 

2.  What  is  a  diacl 

3.  What  are  the  two  terminals  of  the  diac  called? 

4.  How  is  a  diac  triggered  into  conduction? 

5.  How  is  a  diac  driven  into  cutoff? 

6.  What  is  the  most  common  diac  application? 

7.  What  is  a  triad 

8.  Draw  the  schematic  symbol  for  a  triac,  and  identify  the  component  terminals. 

9.  Describe  the  four-quadrant  triggering  characteristics  of  the  triac. 

10.  What  methods  are  used  to  drive  a  triac  into  cutoff? 

11.  Describe  the  operation  of  each  of  the  trigger  control  circuits  shown  in  Figure  20.26. 

12.  Describe  the  operation  of  the  triac  phase  controller  in  Figure  20.27. 

13.  What  are  the  symptoms  of  a  shorted  diac  or  triac? 

14.  What  are  the  symptoms  of  an  open  diac  or  triac? 
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20.4  Unijunction  Transistors  (UJTs) 


The  unijunction  transistor  (UJT)  is  a  three-terminal  switching  device  whose  trigger 
voltage  is  proportional  to  its  applied  biasing  voltage.  The  schematic  symbol  for  the 
UJT  is  shown  in  Figure  20.30a.  As  you  can  see,  the  terminals  of  the  UJT  are  called  the 
emitter  (E),  base  1  (Bl),  and  base  2  (B2).  The  switching  action  of  the  UJT  is  explained 
with  the  help  of  the  circuit  shown  in  Figure  20.30b.  A  biasing  voltage  ( VBB )  is  applied 
across  the  two  base  terminals.  The  emitter-base  1  junction  acts  as  an  open  until  the 
voltage  across  the  terminals  (VEbi)  reaches  a  specified  value,  called  the  peak  voltage 
(VP).  When  VEm  =  VP,  the  emitter-base  1  junction  triggers  into  conduction  and  will 
continue  to  conduct  until  the  emitter  current  drops  below  a  specified  value,  called  the 
peak  current  (IP).  At  that  time,  the  device  returns  to  its  nonconducting  state.  Note 
that  the  peak  voltage  (emitter-base  1  triggering  voltage)  is  proportional  to  the  value 
of  VBB.  Thus,  when  we  change  VBB,  we  change  the  value  of  VEB]  needed  to  trigger  the 
device. 


◄  OBJECTIVES 

Unijunction  transistor  (UJT) 

A  three-terminal  device  whose 
trigger  voltage  is  proportional 
to  its  applied  biasing  voltage. 

Peak  voltage  (Yp) 

The  value  of  VEBi  that  triggers 
the  UJT  into  conduction. 

Peak  current  (//>) 

The  minimum  value  of  IE 
required  to  maintain  emitter 
conduction. 


Base  2  (B2) 
o 

° - sH 

Emitter  (E )  x 


6 

Base  1  (Bl) 


(a) 

FIGURE  20.30  UJT  schematic  symbol  and  biasing. 


(b) 


Vbb 


20.4.1  UJT  Construction  and  Operation 

Figure  20.3 1  shows  the  construction  and  equivalent  circuit  of  the  UJT.  As  you  can  see, 
the  UJT  structure  is  very  similar  to  that  of  the  n-channel  JFET.  In  fact,  the  only  differ¬ 
ence  between  the  two  components  is  that  the  p-type  (gate)  material  of  the  JFET  sur¬ 
rounds  the  n-type  (channel)  material,  as  was  shown  in  Chapter  12.  The  similarity  in  the 
construction  of  the  UJT  and  the  n-channel  JFET  is  the  reason  that  their  schematic  sym¬ 
bols  are  so  similar. 


B2 


Bl 

(a)  Construction  (b)  Equivalent  circuit 

FIGURE  20.31  UJT  construction  and  equivalent  circuit. 
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The  UJT  equivalent  circuit  (Figure  20.31b)  represents  the  component  as  a  diode  con¬ 
nected  to  a  voltage  divider.  The  diode  represents  the  junction  formed  by  the  emitter  (p-type) 
material  and  the  base  (n-type)  material.  The  voltage  divider  (Rm  and  RB2)  represents  the 
resistance  of  the  n-type  material  between  the  emitter  junction  and  each  base  terminal. 

The  overall  principle  of  operation  is  simple.  For  the  emitter-base  diode  to  conduct,  its 
anode  voltage  must  be  approximately  0.7  V  more  positive  than  its  cathode.  The  cathode 
potential  of  the  diode  ( VK )  is  determined  by  the  combination  of  VBB,  RBi,  and  RB2.  Using 
the  standard  voltage-divider  equation,  the  value  of  VK  is  found  as 


vK=yt 


RbI 


BB 


Rbi  +  R, 


82 


(20.5) 


Intrinsic  standoff  ratio  On) 

The  ratio  of  emitter-base  1 
resistance  to  the  total  interbase 
resistance  in  a  UJT.  The 
interbase  resistance  is  the  total 
resistance  between  base  1  and 
base  2  when  the  device  is  not 
conducting. 


The  resistance  ratio  in  equation  (20.5)  is  called  the  intrinsic  standoff  ratio,  or  iq  (Greek 
letter  eta )  of  the  UJT.  Since 


R, 


Bl 


Rbi  +  R, 


B2 


equation  (20.5)  is  often  written  as 


(20.6) 


Adding  0.7  V  to  the  value  found  in  equation  (20.6),  we  obtain  an  equation  for  the  trigger¬ 
ing  voltage  (Up)  for  the  UJT,  as  follows: 


VP  =  tjVbb  +  0.7  V  (20.7) 

The  intrinsic  standoff  ratio  for  a  given  UJT  is  listed  on  its  spec  sheet.  For  example,  the 
spec  sheet  for  a  2N5431  UJT  lists  an  intrinsic  standoff  ratio  of  p  =  0.8  (maximum). 
Example  20.5  shows  how  this  value  is  used  to  calculate  the  peak  voltage  for  the  2N5431 
at  a  given  value  of  VBB. 

EXAMPLE  20,5 _ 

Determine  the  maximum  peak  voltage  (VP)  value  for  the  2N5431  UJT  in  Figure  20.32. 


FIGURE  20.32 


Solution:  With  T]max  =  0.8  and  y BB  ~  + 1 8  V,  the  maximum  peak  voltage  of  the 
circuit  is  found  as 


VP  =  t]VBB  +  0.7V  =  (0.8)(+ 18  V)  +  0.7  V  =  15.1  V 


Practice  Problem  20.5 

The  2N4870  UJT  has  a  rating  of  -qmax  =  0.75.  Determine  the  maximum  value  of  VP 
for  the  device  when  it  is  used  in  a  circuit  with  VBB  =  + 12  V. 
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The  peak  voltage  is  applied  across  the  emitter-base  1  terminals.  Because  of  this, 
almost  all  of  IE  is  drawn  through  Rm  when  the  device  is  triggered,  as  shown  in  Figure 
20.33.  Since  IE  passes  through  RBh  this  resistance  value  drops  off  as  IE  increases.  The 
value  of  RB2  is  not  affected  very  much  by  the  presence  of  IE.  The  results  of  this  compo¬ 
nent  operation  are  shown  in  the  UJT  characteristic  curve  in  Figure  20.34.  As  you  can  see, 
VEBI  can  be  increased  until  the  peak  point  is  reached.  When  the  peak  point  is  reached, 
VEB  |  =  VP,  and  the  emitter  diode  begins  to  conduct.  The  initial  value  of  IE  is  referred  to  as 
the  peak  emitter  current  (IP).  This  term  can  be  confusing  since  we  tend  to  think  of  a  peak 
current  as  a  maximum  value.  However,  for  the  UJT,  the  peak  current  ( IP )  is  the  minimum 
rating  because  it  is  associated  with  the  first  point  of  conduction.  Note  that  when  Ie  <  Ip 
the  UJT  is  said  to  be  in  its  cutoff  region  of  operation. 


FIGURE  20.33  UJT  currents.  FIGURE  20.34  The  UJT  operating  curve. 


When  IE  increases  above  the  value  of  IP,  the  value  of  Rm  drops  drastically.  As  a  result, 
the  value  of  VEBl  actually  decreases  as  IE  increases.  The  decrease  in  Veb\  continues  until 
IE  reaches  the  valley  current  (Iv)  rating  of  the  UJT.  When  IE  is  increased  beyond  Iv,  the 
device  goes  into  saturation. 

As  the  characteristic  curve  in  Figure  20.34  shows,  VEm  and  IE  are  inversely  related 
between  the  peak  point  and  valley  point  of  the  curve.  The  region  of  operation  between 
these  two  points  is  called  the  negative  resistance  region.  Note  that  the  term  negative 
resistance  is  used  to  describe  any  device  with  current  and  voltage  values  that  are 
inversely  related. 

Once  the  UJT  is  triggered,  the  device  continues  to  conduct  as  long  as  IE  is  greater  than 
IP.  When  IE  drops  below  IP,  the  device  returns  to  the  cutoff  region  of  operation  and 
remains  there  until  another  trigger  is  received. 

20.4.2  UJT  Applications 


Negative  resistance  region 

The  region  of  operation  that  lies 
between  the  peak  and  valley 
points  of  the  UJT  curve. 

Negative  resistance 

A  term  used  to  describe  any 
device  with  current  and  voltage 
values  that  are  inversely  related. 


UJTs  are  used  almost  exclusively  as  thyristor-triggering  devices.  An  example  of  this 
application  can  be  seen  in  Figure  20.35.  The  circuit  shown  in  Figure  20.35a  is  called  a 
relaxation  oscillator.  A  relaxation  oscillator  is  a  circuit  that  uses  the  charge/discharge 
characteristics  of  a  capacitor  or  inductor  to  produce  a  pulse  output.  This  pulse  output  is 
normally  used  as  the  triggering  signal  for  a  thyristor,  such  as  an  SCR  or  a  triac.  In  a 
practical  relaxation  oscillator,  the  dc  supply  voltage  ( Vs)  is  derived  from  the  ac  line  volt¬ 
age  to  control  the  timing  of  the  oscillator. 

The  ac  input  to  the  circuit  is  applied  to  a  bridge  rectifier.  The  full-wave  rectified  signal 
is  then  applied  to  the  rest  of  the  circuit.  The  zener  diode  (D,)  clips  the  rectified  signal, 
producing  the  Vs  waveform  shown  in  Figure  20.35b.  Note  that  Vs  is  the  biasing  voltage 
for  the  UJT  and  its  trigger  circuit  (RT  and  CT ). 


Relaxation  oscillator 

A  circuit  that  uses  the 
charge/discharge  characteristics 
of  a  capacitor  or  inductor  to 
produce  a  pulse  output. 
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FIGURE  20.35  A  UJT  relaxation  oscillator. 


V 


(c) 


Don 't  Forget: 

The  time  required  for  a 
capacitor  to  charge  or  discharge 
is  found  as  T  =  SRC.  Since 
(Rb i  i  R/i)  (during  conduction) 
ts  much  less  than  Rr,  the  ' 
c-jpacitor  takes  less  time  to 


From  t0  to  th  CT  charges  through  RT.  When  the  emitter  voltage  of  the  UJT  (VE)  reaches 
Vp,  the  UJT  fires,  causing  conduction  through  RB.  The  current  through  RB  then  produces 
the  gate  trigger  pulse  ( Vc )  required  to  trigger  the  SCR  into  conduction. 

During  the  time  period  from  t,  to  t2,  CT  is  discharging.  When  the  UJT  returns  to  its 
cutoff  state  (at  t2),  the  capacitor  begins  to  charge  again  through  Rr.  However,  this  time  the 
capacitor  charge  doesn’t  make  it  to  VP.  The  reason  for  this  is  shown  in  Figure  20.35c.  As 
VE  is  starting  to  increase  for  the  second  time  in  the  alternation,  Vs  is  decreasing  in  value. 
Before  VE  can  reach  the  original  value  of  VP,  the  supply  voltage  is  effectively  removed 
from  the  UJT.  Thus,  the  second  charge  cycle  of  CT  is  cut  short,  producing  the  VE  wave¬ 
form  shown. 

Even  if  CT  could  recharge  completely  during  a  given  alternation,  it  wouldn't  have  any 
effect  on  the  load.  The  reason  for  this  is  simple:  The  SCR  is  triggered  into  conduction 
during  the  discharge  cycle  of  CT  and  continues  to  conduct  for  the  remainder  of  the  alter¬ 
nation.  Since  the  SCR  is  already  conducting  when  the  second  CT  charge  cycle  occurs,  the 
production  of  another  trigger  signal  by  the  UJT  would  have  no  effect  on  the  SCR  and, 
thus,  none  on  the  load. 

Since  the  initial  charge  cycle  of  CT  is  controlled  by  the  cycles  of  Vs,  the  relaxation 
oscillator  is  synchronized  to  the  ac  load  cycle.  This  method  of  synchronizing  the  oscilla¬ 
tor  to  the  ac  load  cycle  is  used  extensively  in  practice. 
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20.4.3  One  Final  Note 


The  UJT  is  technically  classified  as  a  thyristor-triggering  device  rather  than  as  a  thyristor. 
Since  triggering  thyristors  (such  as  SCRs  and  triacs)  is  the  only  common  application  for 
the  UJT,  the  device  is  normally  covered  along  with  thyristors.  Also,  you  will  normally 
find  the  spec  sheets  for  UJTs  in  the  same  section  of  a  parts  manual  as  the  thyristors. 

Another  thyristor  trigger  that  is  commonly  used  is  the  programmable  unijunction  tran¬ 
sistor  (PUT).  We  will  conclude  this  section  with  a  brief  introduction  to  this  device. 

20.4.4  The  Programmable  UJT  (PUT) 

The  PUT  is  a  four-layer  device  that  is  very  similar  to  the  SCR.  In  this  case,  however,  the 
gate  is  used  as  a  reference  terminal  rather  than  as  a  triggering  terminal.  The  schematic  sym¬ 
bol  for  the  PUT  is  shown,  along  with  an  application  circuit,  in  Figure  20.36.  Note  the  simi¬ 
larity  between  the  PUT  schematic  symbol  and  the  SCR  schematic  symbol.  The  similarity 
in  schematic  symbols  between  the  two  devices  indicates  the  similarity  in  their  operation. 


+  l/s 


(a)  (b) 

FIGURE  20.36  A  simple  PUT  relaxation  oscillator. 

The  PUT  blocks  anode  current  until  the  value  of  VAK  reaches  the  value  of  VGK.  For 
example,  if  VGK  is  +5  V,  the  device  blocks  anode  conduction  until  VAK  reaches  +5  V.  At 
that  time,  the  device  triggers  and  anode  current  increases  rapidly.  Once  triggered,  the 
PUT  continues  to  conduct  until  the  anode  current  drops  below  the  IP  rating  of  the  device. 
At  that  point,  the  device  returns  to  cutoff  and  blocks  anode  current  until  triggered  again. 

The  circuit  shown  in  Figure  20.36b  demonstrates  the  use  of  the  PUT  in  a  relaxation 
oscillator.  R]  and  R2  are  used  to  establish  the  value  of  VCK  for  the  device.  CT  is  charged 
through  Rt  until  VAK  reaches  the  value  of  VGK.  At  that  point,  the  PUT  is  triggered,  allow¬ 
ing  conduction  through  ft3.  The  conduction  through  ft,  produces  a  voltage  pulse  at  the 
gate  of  the  SCR  that  is  similar  to  the  VG  waveform  in  Figure  20.35. 

When  the  PUT  is  triggered,  CT  discharges  through  the  device.  When  the  current  sup¬ 
plied  by  the  capacitor  drops  below  the  lP  rating  of  the  PUT,  the  device  returns  to  cutoff, 
and  the  charge  cycle  begins  again. 

It  should  be  noted  that  the  PUT  relaxation  oscillator  must  be  synchronized  to  the  SCR 
anode  signal,  as  was  the  case  with  the  UJT  relaxation  oscillator.  Thus,  the  practical  PUT 
oscillator  is  actually  a  bit  more  complex  than  the  one  shown  in  Figure  20.36b. 

20.4.5  Summary 

The  UJT  and  PUT  are  devices  that  are  not  classified  as  thyristors  but,  rather,  as  thyristor 
triggers.  These  devices  are  usually  used  to  control  the  triggering  of  SCRs  and  triacs. 
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The  most  common  UJT  and  PUT  triggering  circuits  are  relaxation  oscillators.  These 
oscillators  are  usually  synchronized  to  the  ac  signal  that  is  applied  to  the  circuit  thyristor 
(SCR  or  triac)  so  that  proper  phase  control  is  provided.  The  characteristics  of  the  UJT  and 
PUT  are  summarized  in  Figure  20.37. 


Unijunction  Transistors 


Anode 


Schematic 

symbol: 


Emitter 


Cathode 


Negative 

resistance 


Cutoff 

region 


Saturation 

region 


Characteristic 

curve 

(both  devices): 


Applying  a  VAK  that  is 
greater  than  Vgk- 


Applying  a  VEB1  that  is 
greater  than  Vgg  times 
the  intrinsic  stand¬ 
off  ratio  rating  of  the 
device. 


Triggering 

methods: 


Causing  lA  (anode  current) 
to  drop  below  the  Ip  rating 
of  the  device. 


Causing  lE  to  drop  below 
the  lP  rating  of  the 
device. 


Cutoff 

methods: 


Thyristor  triggering 
Relaxation  oscillator 


Thyristor  triggering 
Relaxation  oscillator 


Primary 

applications: 


FIGURE  20.37 


Section  Review  ► 


1.  What  is  the  unijunction  transistor  ( UJT)1 

2.  What  is  the  peak  voltage  ( VP )  value  of  a  UJT? 

3.  What  is  the  peak  current  ( IP )  value  of  a  UJT? 

4.  What  is  the  intrinsic  standoff  ratio  (r|)  rating  of  a  UJT? 

5.  How  does  the  value  of  T|  for  a  UJT  relate  to  the  value  of  VP1 

6.  What  is  meant  by  the  term  negative  resistance ? 

7.  What  current  and  voltage  values  define  the  limits  of  the  negative  resistance  region  of 
UJT  operation? 

8.  What  is  the  relationship  between  IE  and  VEBX  in  the  negative  resistance  region  of  UJT 
operation? 
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9.  Describe  the  operation  of  the  UJT  relaxation  oscillator  in  Figure  20.35. 

10.  Explain  the  operation  of  the  PUT  relaxation  oscillator  in  Figure  20.36. 

11.  What  is  the  primary  difference  between  the  PUT  and  the  SCR? 


20.5  Discrete  Photodetectors 


In  Chapter  2,  we  discussed  the  operation  of  the  light-emitting  diode  {LED).  The  LED  is 
classified  as  a  light  emitter  because  it  gives  off  light  when  biased  properly.  In  this  sec¬ 
tion,  we  will  take  a  look  at  the  operation  of  several  light  detectors.  Light  detectors  are 
components  with  electrical  output  characteristics  that  are  controlled  by  the  amount  of 
light  they  receive.  In  other  words,  while  emitters  produce  light,  detectors  respond  to  light. 

When  we  discuss  photodetectors,  we  need  to  consider  a  variety  of  parameters  related 
to  light.  For  this  reason,  we’re  starting  this  section  with  a  brief  discussion  on  light  and  its 
properties. 


◄  OBJECTIVE  9 

Light  emitters 

Optoelectronic  devices  that 
produce  light. 

Light  detectors 

Optoelectronic  devices  that 
respond  to  light. 


20.5.1  Characteristics  of  Light 

Light  is  electromagnetic  energy  that  falls  within  a  specific  range  of  frequencies,  as  shown  ◄  OBJECTIVE  10 
in  Figure  20.38.  The  entire  light  spectrum  falls  within  the  range  of  30  THz  to  3  PHz  and  Light  ~~  " 

is  further  broken  down  as  shown  in  Table  20.2. 


Cosmic  rays 

1018 

~  ; ;  Gamma  rays 

X-rays 

1015 

Light 

1012 

109 

Radio  waves 

106 
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— 
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— 

olet 


800  THz 
400  THz 


FIGURE  20.38  The  light  spectrum. 

TABLE  20.2  Light  Frequency  Ranges 


Type  of  Light 

Frequency  Range  (Approximate)11 

Infrared 

30  THz  to  400  THz 

Visible 

400  THz  to  800  THz 

Ultraviolet 

800  THz  to  3  PHz 

Electromagnetic  energy  that 
falls  within  a  specific  range  of 
frequencies. 


aP  stands  for  peta  (1015)  and  T  for  tera  ( 1012 ). 


Two  characteristics  are  commonly  used  to  describe  light.  The  first  of  these  is  wave-  Wavelength  (X) 

length  (symbolized  by  X,  the  Greek  letter  lambda).  Wavelength  is  the  physical  length  of  The  physical  length  of  one 

one  cycle  of  a  transmitted  electromagnetic  wave.  cycle  of  a  transmitted 

The  concept  of  wavelength  is  illustrated  in  Figure  20.39.  The  wavelength  for  a  signal  electromagnetic  wave. 
at  a  given  frequency  is  found  as 
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A  Practical  Consideration: 

The  wavelength  ratings  of  most 
devices  are 

gggM _ 


where  X  =  the  wavelength  of  the  signal  (in  nanometers) 
c  =  the  speed  of  light,  given  as  3  X  1017  nm/s 
/  =  the  frequency  of  the  transmitted  signal 

The  following  example  demonstrates  the  calculation  of  wavelength  for  a  given  signal. 


FIGURE  20.39  Wavelength. 


EXAMPLE  20.6 _ 

Determine  the  wavelength  of  a  150  THz  light  signal. 
Solution:  The  wavelength  of  the  signal  is  found  as 


_  c  _  3  X  10!7  nm/s 
~f~~  150  X  1012  Hz 


=  2000  nm 


Thus,  the  physical  length  of  one  cycle  of  a  150  THz  signal  is  2000  nm,  or  2  |xm. 


Practice  Problem  20.6 

The  infrared  frequency  spectrum  falls  between  30  and  400  THz.  Determine  the 
range  of  wavelengths  for  this  range  of  frequencies. 


Wavelength  is  an  important  characteristic  of  light  because  photoemitters  and  photo¬ 
detectors  are  rated  for  specific  wavelengths.  You  see,  emitters  are  commonly  used  to  drive 
detectors,  as  shown  in  Figure  20.40.  For  a  specific  emitter  to  be  used  with  a  specific  detec¬ 
tor,  the  two  must  be  rated  for  the  same  approximate  wavelength.  Otherwise,  the  detector 
will  not  respond  to  the  photoemitter  output.  This  point  is  demonstrated  later  in  this  chapter. 


FIGURE  20.40 


Emitter-detector  combination. 
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The  second  important  light  characteristic  is  intensity.  Light  intensity  is  the  amount  of 
light  per  unit  area  received  by  a  given  photodetector.  For  example,  consider  the  emitter- 
detector  combination  shown  in  Figure  20.40.  The  light  intensity  is  a  measure  of  the 
amount  of  light  received  by  the  detector.  Note  that  light  intensity  decreases  as  the  dis¬ 
tance  (d)  between  the  emitter  and  detector  increases.  As  you  will  see,  the  output  charac¬ 
teristics  of  most  photodetectors  are  controlled  by  the  light  intensity  at  their  inputs  as  well 
as  the  input  wavelength. 

20.5.2  The  Photodiode 

The  photodiode  is  a  diode  whose  reverse  conduction  is  light-intensity  controlled.  When 
the  light  intensity  at  the  optical  input  to  a  photodiode  increases,  the  reverse  current 
through  the  device  also  increases.  This  point  is  illustrated  in  Figure  20.41. 


LED  Photodiode  reverse  current 

Off  lD  =  1 0  nA  (dark  current) 

On  lL  =  50  pA  (light  current) 


FIGURE  20.41 

In  Figure  20.41,  a  photodiode  is  enclosed  with  an  LED  in  an  opaque  case.  The  term 
opaque  is  used  to  describe  anything  that  blocks  light.  When  in  the  opaque  case,  the  photo¬ 
diode  receives  a  light  input  only  when  the  LED  is  turned  on  by  its  control  circuit.  When 
the  LED  is  off,  the  photodiode  reverse  current  is  shown  to  be  10  nA.  When  the  LED 
lights,  the  photodiode  reverse  current  increases  to  50  |xA.  Note  that  the  light  current  (IL) 
is  shown  to  be  approximately  5000  times  as  great  as  the  dark  current  (ID).  This  ratio  of 
light  current  to  dark  current  is  not  uncommon. 

The  spec  sheet  for  a  photodiode  lists  its  values  of  ID  and  IL,  as  can  be  seen  in  Figure 
20.42.  Note  that  the  value  of  ID  for  the  MRD500  photodiode  is  2  nA  (maximum),  while 
the  value  of  IL  for  the  device  is  6  p,A  (minimum).  These  two  values  show  the  device  to 
have  a  minimum  ratio  of  light  to  dark  current  of  3000. 

Several  other  photodiode  ratings  listed  under  the  optical  characteristics  heading  are 
important.  The  first  of  these  is  wavelength  of  peak  spectral  response  (A.s).  This  rating 
indicates  the  wavelength  that  causes  the  strongest  response  in  the  photodiode.  For  the 
MRD500,  the  optimum  input  wavelength  is  0.8  ptm  (800  nm).  As  Example  20.7  shows, 
this  value  can  be  used  to  determine  the  optimum  input  frequency  for  the  device. 


EXAMPLE  20.7 


Determine  the  optimum  input  frequency  for  the  MRD500  photodiode. 

Solution:  Rearranging  equation  (20.8)  gives  us  the  following  equation  for 
frequency: 


Using  the  given  optimum  wavelength  of  800  nm,  the  optimum  input  frequency  for 
the  MRD500  is  found  as 


3  X  101'  nm/s 
800  nm 


=  375  THz 


Light  intensity 

The  amount  of  light  per  unit 
area  received  by  a  given 
photodetector;  also  called 
irradiance. 


◄  OBJECTIVE  11 
Photodiode 

A  diode  whose  reverse 
conduction  is  light-intensity 
controlled. 


Opaque 

A  term  used  to  describe 
anything  that  blocks  light. 

Light  current  (JL) 

The  reverse  current  through  a 
photodiode  with  an  active  light 
input. 

Dark  current  (ID) 

The  reverse  current  through  a 
photodiode  with  no  active  light 
input. 

Wavelength  of  peak  spectral 
response  (\s) 

A  rating  that  indicates  the 
wavelength  that  will  cause  the 
strongest  response  in  a 
photodetector. 
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SEMICONDUCTOR 

TECHNICAL  DATA 


Photo  Detectors 

Diode  Output 


MRD500 

MRD510 


. . .  designed  for  application  in  laser  detection,  light  demodulation,  detection  of  visible 
and  near  infrared  light-emitting  diodes,  shaft  or  position  encoders,  switching  and  logic 
circuits,  or  any  design  requiring  radiation  sensitivity,  ultra  high-speed,  and  stable 
characteristics. 

•  Ultra  Fast  Response  —  (<1  ns  Typ) 

•  High  Sensitivity  —  MRD500  (1.2  /uA/mW/cm2  Min) 

MRD510  (0.3  /iA/mW/cm2  Min) 

•  Available  With  Convex  Lens  (MRD500)  or  Flat  Glass  (MRD510)  for  Design  Flexibility 

•  Popular  TO-18  Type  Package  for  Easy  Handling  and  Mounting 

•  Sensitive  Throughout  Visible  and  Near  Infrared  Spectral  Range  for  Wide  Application 

•  Annular  Passivated  Structure  for  Stability  and  Reliability 


MAXIMUM  RATINGS  (Ta  =  25°C  unless  otherwise  noted) 


mszsm 

Reverse  Voltage 

Vr 

100 

Total  Power  Dissipation  @  TA  =  25°C 

pd 

Derate  above  25°C 

Operating  Temperature  Range 

ta 

-55  to  +125 

°C 

Storage  Temperature  Range 

-  65  to  +150 

°C 

PHOTO  DETECTORS 
DIODE  OUTPUT 
PIN  SILICON 
250  MILLIWATTS 
100  VOLTS 


STATIC  ELECTRICAL  CHARACTERISTICS  n~A  =  ?S°C  unless  otherwise  noted) 


"  ft  r;:- .  siSiLSi 

wssm 

o 

aa 

mzm 

■EMI 

Dark  Current  (Vr  =  20  V,  Rl  =  1  megohm)  Note  2 

2  and  3 

Id 

nA 

TA  =  25°C 

— 

— 

2 

TA  =  100°C 

— 

14 

— 

Reverse  Breakdown  Voltage  (Ir  =  10  aA) 

- 

200 

- 

Volts 

Forward  Voltage  (Ip  =  50  mA) 

- 

Vf 

- 

- 

1.1 

Volts 

Series  Resistance  (Ip  =  50  mA) 

- 

Rs 

- 

- 

10 

Total  Capacitance  (Vr  =  20  V,  f  =  1  MHz) 

5 

cT 

- 

- 

4 

PF 

OPTICAL  CHARACTERISTICS  (Ta  -  25°C  unless  otherwise  noted) 


Light  Current 
(Vr  =  20  V)  Note  1 

MRD500 

MRD510 

1 

lL 

6 

1.5 

9 

2.1 

— 

mA 

Sensitivity  at  0.8  Am 

MRD500 

— 

S(a  =  0.8  Am) 

— 

6.6 

- 

AA/mW/ 

(Vr  =  20  V)  Note  3 

MRD510 

— 

1.5 

— 

cm2 

Response  Time  (Vr  =  20  V,  Rl  =  50  Ohms) 

^resp) 

1 

- 

ns 

Wavelength  of  Peak  Spectral  Response 

5 

0.8 

- 

Am 

NOTES:  1.  Radiation  Flux  Density  (H)  equal  to  5  mW/cm?  emitted  from  a  tungsten  source  at  a  color  temperature  of  2870  K. 

2.  Measured  under  dark  conditions.  (H  ==  0). 

3.  Radiation  Flux  Density  (H)  equal  to  0.5  mW/cm2  at  0.8  >4m. 


(a) 

FIGURE  20.42  The  MRD500-510  photodetector  specification  sheet.  (Copyright  of 
Semiconductor  Component  Industries,  LLC.  Used  by  permission.) 


Since  375  THz  is  in  the  infrared  frequency  spectrum,  the  MRD500  is  classified  as 
an  infrared  detector. 


Sensitivity 

A  rating  that  indicates  the 
response  of  a  photodetector  to  a 
specified  light  intensity. 


Practice  Problem  20.7 

The  Motorola  MRD821  photodiode  has  an  optimum  wavelength  of  940  nm.  Deter¬ 
mine  the  optimum  input  frequency  for  the  device. 


The  sensitivity  rating  of  the  photodiode  indicates  the  response  of  the  device  to  a  speci¬ 
fied  light  intensity.  For  the  MRD500,  the  sensitivity  rating  (listed  under  optical  charac¬ 
teristics)  is  given  as  6.6  \iA/mW/cm2.  This  means  that  the  reverse  current  of  the  device 
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TYPICAL  CHARACTERISTICS 
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Figure  1.  Irradiated  Voltage  —  Current  Characteristic 


Ta,  TEMPERATURE  (°C) 


Figure  2.  Dark  Current  versus  Temperature 
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Figure  3.  Dark  Current  versus  Reverse  Voltage 
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Figure  4.  Capacitance  versus  Voltage 
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Figure  5.  Relative  Spectral  Response 


FIGURE  20.42  (continued) 

increases  by  6.6  |iA  for  every  1  mW/cm2  of  light  applied  to  the  device.  For  example, 
refer  to  Figure  20.41.  If  the  light  intensity  at  the  photodiode  is  1  mW/cm2,  the  value  of  IR 
for  the  device  is  approximately  6.6  |xA.  If  the  light  intensity  at  the  photodiode  increases 
to  2  mW/cm2,  IR  increases  to  approximately  13.2  p.A,  and  so  on. 

The  spectral  response  of  a  photodiode  is  a  measure  of  the  device’s  response  to  a  change 
in  input  wavelength.  The  spectral  response  of  the  MRD500  is  shown  in  the  relative  spectral 
response  curve  in  Figure  20.42b.  As  you  can  see,  the  response  of  the  photodiode  peaks  at 
800  nm,  the  value  given  on  the  spec  sheet.  If  the  input  wavelength  goes  as  low  as  520  nm  or 
as  high  as  950  nm,  the  sensitivity  of  the  device  drops  to  50%  of  its  rated  value.  Thus,  at 
these  two  frequencies,  the  sensitivity  of  the  device  drops  to  approximately  3.3  (iA/mW/cm2. 

The  irradiated  voltage-current  characteristic  curves  in  Figure  20.42b  show  that 
the  light  current  (IL)  of  the  device  is  relatively  independent  of  the  amount  of  reverse 
bias  across  the  diode.  The  dark  current  ( 1D )  curves  show  that  the  amount  of  dark  cur- 


Spectral  response 

A  measure  of  a  photodetector’s 
response  to  a  change  in  input 
wavelength.  Note  that  response 
is  measured  in  terms  of  the 
!  device  sensitivity. 
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rent  is  far  more  dependent  on  temperature  than  on  the  value  of  VR.  This  is  similar  to 
the  reverse  current  through  any  pn-junction  diode,  which  is  primarily  temperature 
dependent. 

Several  final  points  need  to  be  made  regarding  the  photodiode: 

1.  The  schematic  symbol  used  in  Figure  20.41  is  only  one  of  two  commonly  used 
symbols.  The  other  is  shown  in  Figure  20.43.  Note  that  the  light  arrows  in  the  sym¬ 
bol  point  toward  the  diode  rather  than  away  from  it. 

2.  The  photodiode  is  always  operated  in  its  reverse  operating  region.  (Since  light 
affects  the  reverse  conduction  of  the  device,  it  wouldn’t  make  any  sense  to  operate 
it  in  its  forward  operating  region.) 

3.  Most  of  the  photodiode  characteristics  and  ratings  we  have  discussed  apply  to  many 
other  photodetectors.  This  point  will  become  clear  as  our  coverage  of  these  devices 
continues. 


FIGURE  20.43 


20.5.3  The  Phototransistor 

The  phototransistor  is  a  three-terminal  photodetector  whose  collector  current  is  con¬ 
trolled  by  the  intensity  of  the  light  at  its  optical  input  (base).  Figure  20.44  shows  one  pos¬ 
sible  configuration  for  a  phototransistor  amplifier. 

In  Figure  20.44,  the  phototransistor  is  shown  to  be  enclosed  with  an  LED  in  an  opaque 
casing.  When  the  light  from  the  LED  is  varied  by  its  control  circuit,  the  change  in  light 
causes  a  proportional  change  in  base  current  in  the  phototransistor.  This  change  in  base 
current  causes  a  change  in  emitter  (and  collector)  current  that  causes  a  proportional  volt¬ 
age  to  be  developed  across  RE.  This  voltage  is  applied  to  the  inverting  amplifier,  which 
responds  accordingly. 
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Phototransistor 

A  three-terminal  photodetector 
whose  collector  current  is 
controlled  by  the  intensity  of  the 
light  at  its  optical  input  (base). 


Opaque  casing 


FIGURE  20.44  Optocoupling. 


The  phototransistor  is  identical  to  the  standard  BJT  in  every  respect,  except  that  its 
collector  current  is  (ultimately)  light-intensity  controlled.  Thus,  the  phototransistor  in 
Figure  20.44  could  be  a  linear  amplifier  or  a  switch,  depending  on  the  output  of  the  LED 
control  circuit.  The  biasing  circuit  (/?,  and  R2)  is  used  to  adjust  the  dark  (quiescent)  oper¬ 
ation  of  the  phototransistor.  When  /?,  is  varied,  the  dark  emitter  current  of  the  phototran¬ 
sistor  varies.  Thus,  by  adjusting  Ru  the  input  voltage  to  the  op-amp  is  varied,  allowing  the 
output  of  the  op-amp  to  be  set  to  0  V.  For  this  reason,  Ri  in  this  circuit  is  called  a  zero 
adjust. 

The  arrangement  in  Figure  20.44  is  referred  to  as  optocoupling  because  the  output 
from  the  LED  control  circuit  is  coupled  via  light  to  the  phototransistor/op-amp 
circuit.  The  advantage  of  optocoupling  is  that  it  provides  complete  electrical  isolation 
between  the  source  (the  LED  control  circuit)  and  the  load  (the  phototransistor/op-amp 
circuit). 

Several  points  should  be  made  regarding  the  phototransistor:  First,  the  spec  sheet  for 
the  phototransistor  contains  the  same  basic  parameters  and  ratings  as  those  found  on 
the  spec  sheet  for  a  photodiode.  The  phototransistor  is  subject  to  the  same  wavelength 
and  sensitivity  characteristics  as  the  photodiode.  The  difference  is  that  the  optical  char¬ 
acteristics  of  the  phototransistor  relate  the  light  input  to  collector  current  (rather  than 
diode  reverse  current).  Second,  the  base  terminal  of  the  phototransistor  is  normally 
returned  to  ground  through  some  type  of  biasing  circuit,  as  shown  in  Figure  20.44.  The 
biasing  circuit  not  only  allows  for  adjusting  the  output  from  the  device;  it  also  adds 
biasing  stability  to  the  circuit.  You  may  recal  that  voltage-divider  bias  is  stable  against 
changes  in  beta  that  may  result  from  a  change  in  temperature.  By  using  a  voltage 
divider  (Rf  and  R2)  to  bias  the  transistor,  the  emitter  and  collector  circuits  are  made 
relatively  stable  against  the  effects  of  any  increase  in  operating  temperature. 

20.5.4  The  Photo-Darlington 

The  photo-Darlington  is  a  phototransistor  constructed  in  a  Darlington  configuration,  as 
shown  in  Figure  20.45.  Except  for  the  increased  output  current  capability  (as  is  always 
the  case  with  Darlingtons),  the  operation  and  characteristics  of  the  device  are  identical  to 
those  of  the  standard  phototransistor. 


Optocoupling 

A  method  of  coupling  the 
output  of  one  circuit  to  the 
input  of  another  using  light. 


C 


6 

E 

FIGURE  20.45  The  photo- 
DarLington  schematic  symbol. 

Photo-Darlington 

A  phototransistor  with  a 
Darlington  pair  output. 
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20.5.5  The  LASCR 


Light-activated  SCR  (LASCR) 
A  three-terminal  light-activated 
j  SCR.  _ _ _ _ _ _ 

A 

9 


The  light-activated  SCR  (LASCR),  or  photo-SCR,  is  a  three-terminal  light-activated 
SCR.  The  schematic  symbol  for  the  LASCR  is  shown  in  Figure  20.46.  Again,  all  the 
properties  of  the  photodiode  can  be  found  in  the  LASCR.  In  this  case,  however,  the  SCR 
is  latched  into  its  conducting  state  by  the  light  input  to  the  device.  Thus,  the  LASCR  can 
be  used  in  an  optically  coupled  phase-control  circuit. 


Go- 


0 

K 

FIGURE  20.46  The  LASCR 
schematic  symbol. 


20.5.6  Summary 

Most  discrete  devices  can  be  obtained  in  photodetector  form.  The  photodetector  devices 
work  in  a  fashion  that  is  very  similar  to  their  current-controlled  counterparts.  However, 
the  photodetector  devices  are  light-controlled  devices. 

When  working  with  photodetectors,  you  need  to  remember  the  wavelength  and  sensi¬ 
tivity  (intensity)  characteristics  of  the  devices.  If  a  light  emitter  and  photodetector  are  not 
matched  in  terms  of  wavelength  and  sensitivity,  the  optocoupling  circuit  may  operate  at 
reduced  efficiency  or  may  not  work  at  all. 

The  wavelength  and  sensitivity  concerns  of  discrete  photodetector  circuits  are  elimi¬ 
nated  by  the  use  of  optoisolators  and  optointerrupters.  These  integrated  circuits,  or  ICs, 
contain  both  a  light  emitter  and  a  light  detector.  As  you  will  see  in  the  next  section,  these 
ICs  are  far  easier  to  deal  with  than  their  discrete  component  counterparts. 


Section  Review  ►  1.  What  is  the  difference  between  a  light  emitter  and  a  light  detectorl 

2.  What  is  wavelengthl 

3.  Why  is  the  concept  of  wavelength  important  when  working  with  optoelectronic 
devices? 

4.  What  is  light  intensity ? 

5.  What  is  a  photodiode ? 

6.  In  terms  of  the  photodiode,  what  is  dark  current  (lD)l  What  is  light  current  (4)? 

7.  What  is  the  relationship  between  photodiode  light  current  and  dark  current? 

8.  What  is  the  wavelength  of  peak  spectral  response  for  a  photodiode? 

9.  What  is  sensitivityl 

10.  Explain  the  gA/mW/cm2  unit  of  measure  for  sensitivity. 

11.  What  is  spectral  response ?  Which  photodiode  unit  of  measure  is  affected  by  spectral 
response? 

12.  What  is  a  phototransistorl 

13.  What  is  the  relationship  between  input  light  and  collector  current  for  a  photo¬ 
transistor? 

14.  What  is  the  difference  between  the  optical  ratings  of  the  phototransistor  and  those  of 
the  photodiode? 

15.  What  is  the  difference  between  the  photo-Darlington  and  the  standard  photo¬ 
transistor? 

16.  What  is  the  LASCRl  How  does  it  differ  from  the  standard  SCR? 

17.  List  the  characteristics  that  must  be  considered  whenever  you  are  working  with  any 
discrete  photodetector. 


20.6  Optoisolators  and  Optointerrupters 


OBJECTIVE  12  ►  Optoisolators  and  optointerrupters  are  ICs  that  contain  both  a  photoemitter  and  a  photo¬ 
detector.  While  the  photoemitter  is  always  an  LED,  the  photodetector  can  be  any  one  of 
the  discrete  photodetectors  we  discussed  in  the  last  section. 
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20.6.1  Optoisolators 

The  optoisolator  is  an  optocoupler,  that  is,  a  device  that  uses  light  to  couple  a  signal  from 
its  input  device  (a  photoemitter)  to  its  output  device  (a  photodetector).  For  example,  an 
optoisolator  with  a  transistor  output  contains  the  optical  circuitry  shown  in  Figure  20.44. 

The  typical  optoisolator  comes  in  a  6-pin  dual  in-line  package  (DIP),  as  shown  on  the 
spec  sheet  in  Figure  20.47.  As  the  schematic  diagram  shows,  this  transistor-output 
optoisolator  contains  an  LED  and  a  phototransistor.  Thus,  the  4N35-7  series  optoisolators 
could  be  used  in  the  circuit  shown  in  Figure  20.44. 

Most  optoisolator  parameters  and  ratings  are  the  standard  LED  and  phototransistor 
specifications.  However,  several  new  ratings  warrant  discussion. 


Optoisolator 

An  optocoupler.  A  device  that 
uses  light  to  couple  a  signal 
from  its  input  device  (a 
photoemitter)  to  its  output 
device  (a  photodetector). 


SEMICONDUCTOR 

TECHNICAL  DATA 

6-Pin  DIP  Optoisolators 

Transistor  Output 


4N35 

4N36 

4N37 


These  devices  consist  of  a  gallium  arsenide  infrared  emitting  diode  optically  coupled 
to  a  monolithic  silicon  phototransistor  detector. 

•  Convenient  Plastic  Dual-ln-Line  Package 

•  High  Current  Transfer  Ratio  —  100%  Minimum  at  Spec  Conditions 

•  Guaranteed  Switching  Speeds 

•  High  Input-Output  Isolation  Guaranteed  —  7500  Volts  Peak 

•  UL  Recognized.  File  Number  E54915 

•  VDE  approved  per  standard  0883/6.80  (Certificate  number  41853),  with  additional 

approval  to  DIN  IEC380  VDE0806,  IEC435/VDE0805,  IEC65/VDE0860,  VDEOllOb, 
covering  all  other  standards  with  equal  or  less  stringent  requirements,  including 
IEC204/VDE01 1 3,  VDE01 60,  VDE0832,  VDE0833,  etc. 

•  Meets  or  Exceeds  All  JEDEC  Registered  Specifications 

•  Special  lead  form  available  (add  suffix  "T"  to  part  number)  which  satisfies  VDE0883/ 

6.80  requirement  for  8  mm  minimum  creepage  distance  between  input  and  output 
solder  pads. 

•  Various  lead  form  options  available.  Consult  "Optoisolator  Lead  Form  Options"  data 

sheet  for  details. 


6-PIN  DIP 
OPTOISOLATORS 
TRANSISTOR 
OUTPUT 


CASE  730A-02 
PLASTIC 


MAXIMUM  RATINGS  ITa  T  unless  otherwise  noted} 

INPUT  LED 


Reverse  Voltage 

VR 

6 

Volts 

Forward  Current  —  Continuous 

if 

60 

mA 

LED  Power  Dissipation  @  T/\  =  25°C 

pd 

120 

mW 

with  Negligible  Power  in  Output  Detector 

Derate  above  25°C 

1.41 

mW/°C 

OUTPUT  TRANSISTOR 


Col  lector- Emitter  Voltage 

vCEO 

30 

Volts 

Emitter-Base  Voltage 

vEBO 

7 

Volts 

Collector-Base  Voltage 

VCBO 

70 

Volts 

Collector  Current  —  Continuous 

'C 

150 

mA 

Detector  Power  Dissipation  @  T/\  =  25°C 
with  Negligible  Power  in  Input  LED 

pd 

150 

mW 

Derate  above  25°C 

1.76 

mw  rc 

TOTAL  DEVICE 


Isolation  Source  Voltage  (1) 

vISO 

7500 

Vac 

(Peak  ac  Voltage,  60  Hz,  1  sec  Duration) 

Total  Device  Power  Dissipation  @  Ta  =  25°C 

pd 

250 

mW 

Derate  above  25°C 

2.94 

mW/°C 

Ambient  Operating  Temperature  Range 

ta 

-  55  to  +100 

°C 

Storage  Temperature  Range 

Tstg 

-  55  to  +150 

°c 

Soldering  Temperature  (10  seconds,  1/16"  from  case) 

- 

260 

°c 

SCHEMATIC 


1  o - 0  f 

20 -  ^ 

Her; 


1.  LED  ANODE 

2.  LED  CATHODE 

3.  N.C. 

4.  EMITTER 

5.  COLLECTOR 

6.  BASE 


(1)  Isolation  surge  voltage  is  an  internal  device  dielectric  breakdown  rating. 
For  this  test,  Pins  1  and  2  are  common,  and  Pins  4,  5  and  6  are  common. 


FIGURE  20.47  The  4N35-7  optoisolator  specification  sheet.  (Copyright  of  Semiconductor 
Component  Industries,  LLC.  Used  by  permission.) 
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ELECTRICAL  CHARACTERISTICS  <TA  =  25”C  unless  otherwise  noted) 


Mm 

. 

Unit  | 

COUPLED 

Output  Collector  Current 

TA  =  25'C 

>C 

10 

30 

- 

mA 

(Ip  =  10  mA,  Vqe 

=  10  V) 

Ta  =  -  55°C 

4 

— 

Ta  =  100°C 

4 

— 

— 

Collector-Emitter  Saturation  Voltage  0c  =  0.5  mA,  Ip  =  10  mA) 

VcE(sat) 

- 

0.14 

0.3 

V 

Turn-On  Time 

lon 

- 

7.5 

10 

US 

Turn-Off  Time 

(IC  =  2  mA,  Vcc 
Rl  =  100  0,  Fig 

=  10  V, 

<Off 

- 

5.7 

10 

Rise  Time 

.ire  11) 

tr 

- 

3.2 

— 

Fall  Time 

If 

- 

4.7 

— 

Isolation  Voltage  (f 

=  60  Hz,  t  =  1  sec) 

vISO 

7500 

- 

— 

Vac(pk) 

Isolation  Current  (V|_o  =  3550  vPk) 

4N35 

hso 

— 

- 

100 

pA 

(V|_o  =  2500  Vpk) 

4N36 

— 

— 

100 

(V|.o  =  1500  Vpk) 

4N37 

— 

8 

100 

Isolation  Resistance  (V  =  500  V) 

RISO 

10" 

— 

- 

n 

Isolation  Capacitance  (V  =  0  V,  f  =  1  MHz) 

ClSO 

— 

0.2 

2 

pF 

FIGURE  20.47  (continued) 


(b) 


Lab  Reference:  Optoisolator 
operation  is  demonstrated  in 
Exercise  35. 


Isolation  source  voltage  (V/so) 
The  voltage  that,  if  applied 
across  the  input  and  output 
pins,  will  destroy  an 
optoisolator. 

Soldering  temperature 
The  maximum  amount  of  heat 
that  can  be  applied  to  any  pin  of 
the  IC  without  causing  internal 
damage  to  the  chip. 

Isolation  current  (I,so) 

The  amount  of  current  that  can 
be  forced  between  the  input  and 
output  at  the  rated  voltage. 

Isolation  resistance  (RISo) 

The  total  resistance  between  the 
device  input  and  output  pins. 

Isolation  capacitance  (C,so) 
The  total  capacitance  between 
the  device  input  and  output  pins. 


Solid-state  relay  (SSR) 

A  circuit  that  uses  a  dc  input 
voltage  to  pass  or  block  an  ac 
signal. 


The  isolation  source  voltage  ( Vlso )  rating  indicates  the  input-to-output  voltage  that 
will  cause  the  optoisolator  to  break  down  and  conduct.  In  other  words,  it  is  the  voltage 
that  will  destroy  the  device  if  applied  across  the  input  and  output  pins.  For  the  4N35-7 
series  chips,  the  value  of  VISO  is  7500  Vpk. 

The  soldering  temperature  is  the  maximum  amount  of  heat  that  can  be  applied  to  any 
pin  of  the  IC  without  causing  internal  damage  to  the  chip.  If  the  total  heat  applied  to  any 
pin  of  the  4N35  reaches  260°C  for  a  duration  of  10  s,  internal  damage  may  result. 

The  isolation  current  ( IISO )  rating  indicates  the  amount  of  current  that  can  be  forced 
between  the  input  and  output  at  the  rated  voltage.  For  example,  if  3550  Vpk  is  applied 
across  the  4N35,  it  will  generate  100  pA  (maximum)  between  the  input  and  output  pins 
of  the  device.  The  4N36  requires  2500  Vpk  (from  input  to  output)  to  generate  100  pA 
(maximum),  and  so  on. 

The  isolation  resistance  ( R/so )  rating  indicates  the  total  resistance  between  the  input 
pins  and  output  pins  of  the  device.  For  the  4N35-7  series,  this  rating  is  101 1  f l  (100  GI2). 

Finally,  the  isolation  capacitance  ( CISo )  rating  indicates  the  total  capacitance  between 
the  device  input  and  output  pins.  For  the  4N35-7  series,  this  rating  is  2  pF. 

Except  for  the  ratings  listed  here,  all  the  parameters  and  ratings  for  the  optoisolator  are 
fairly  standard.  This  can  be  seen  by  quickly  looking  through  the  spec  sheet.  As  you 
glance  through  the  spec  sheet,  you’ll  also  notice  two  standard  light  ratings  are  missing: 
wavelength  and  sensitivity.  Since  the  photoemitter  and  photodetector  are  contained  in  the 
same  chip,  the  wavelength  and  sensitivity  values  of  the  devices  are  unimportant. 

As  stated  earlier,  optoisolators  come  with  a  variety  of  output  devices.  Among  these  are  the 
transistor  output,  Darlington  output,  triac  output,  and  SCR  output.  For  each  of  these  devices, 
the  input/output  parameters  and  ratings  vary  only  to  reflect  the  characteristics  of  the  photo¬ 
detector  used.  Other  than  that,  they  operate  exactly  as  described  here  and  in  Section  20.5. 

20.6.2  An  Optoisolator  Application:  The  Solid-State  Relay 

A  solid-state  relay  (SSR)  is  a  circuit  that  uses  a  dc  input  voltage  to  pass  or  block  an  ac 
signal.  The  diagram  in  Figure  20.48a  illustrates  the  input/output  relationship  for  the  SSR. 
When  the  dc  input  has  the  polarity  shown,  the  waveform  at  the  input  (ac  1)  is  coupled  to 
the  ac  output  (ac  2)  and,  thus,  to  the  load.  As  long  as  the  dc  potential  remains,  the  ac  sig¬ 
nal  will  be  coupled  to  the  load.  If  the  dc  potential  is  removed,  the  output  goes  open  cir¬ 
cuit,  and  the  ac  signal  is  blocked  from  the  load. 

The  schematic  for  the  SSR  is  shown  in  Figure  20.48b.  The  dc  circuit  is  coupled  to  the 
ac  circuit  via  the  diac-output  optoisolator.  As  long  as  the  dc  input  voltage  has  the  polarity 
shown,  the  LED  in  the  optoisolator  is  forward  biased  and  emits  light.  This  light  keeps  the 
diac  photodetector  conducting.  As  long  as  the  diac  photodetector  is  conducting,  the  triac 
in  the  ac  circuit  continues  to  conduct,  passing  the  ac  signal  from  the  input  terminal  (ac  1) 
to  the  output  terminal  (ac  2). 
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FIGURE  20.48  The  solid-state  relay. 


If  the  dc  input  voltage  is  removed,  the  LED  turns  off  and  the  diac  photodetector  shuts  off. 
This  prevents  a  gate  trigger  voltage  from  being  developed  across  R3,  and  the  output  triac 
shuts  off.  When  the  output  triac  shuts  off,  the  ac  input  is  blocked  from  the  ac  output  terminal. 

The  SSR  is  typically  used  to  allow  a  digital  circuit  to  control  the  operation  (on  or  off) 
of  a  motor.  This  application  is  easy  to  understand  if  you  picture  the  input  to  Figure  20.48a 
as  coming  from  a  digital  system  and  the  load  as  being  a  motor.  Note  that  SSRs  are  also 
available  in  integrated  form.  While  the  exact  circuitry  of  the  integrated  SSR  varies  from 
that  shown  in  Figure  20.48b,  the  overall  principle  of  operation  is  the  same. 


20.6.3  Optointerrupters 


The  optointerrupter  or  optical  switch  is  an  IC  optocoupler  designed  to  allow  an  exter¬ 
nal  object  to  block  the  light  path  between  the  photoemitter  and  the  photodetector.  Two  of 
the  many  common  optointerrupter  configurations  are  shown  on  the  spec  sheet  in  Figure 
20.49.  Note  that  the  photoemitter  is  on  one  side  of  the  slot,  while  the  photodetector  is  on 
the  other  side. 

The  open  gap  between  the  photoemitter  and  the  photodetector  is  the  primary  differ¬ 
ence  between  the  optointerrupter  and  the  optoisolator.  This  gap  allows  the  optointerrupter 
to  be  activated  by  some  external  object,  such  as  a  piece  of  paper.  For  example,  let’s  say 
that  the  optointerrupter  in  Figure  20.49  is  used  in  a  photocopying  machine  and  that  the 
device  is  placed  so  that  the  edge  of  a  given  copy  passes  through  the  slot  as  it  (the  paper) 
passes  through  the  machine.  When  no  paper  is  present  in  the  optointerrupter  gap,  the  light 
from  the  emitter  reaches  the  phototransistor,  causing  it  to  saturate.  Thus,  the  output  from 
the  phototransistor  is  low.  When  a  piece  of  paper  passes  through  the  gap,  the  emitter  light 
is  blocked  (by  the  paper)  from  the  phototransistor.  This  causes  the  phototransistor  to  go 
into  cutoff,  causing  its  collector  voltage  to  go  high.  The  low  and  high  output  voltages 
from  the  phototransistor  are  used  to  tell  the  machine  whether  a  piece  of  paper  has  passed 
the  point  where  the  optointerrupter  is  located. 


Optointerrupter  or 
optical  switch 

An  IC  optocoupler  designed  to 
allow  an  external  object  to 
block  the  light  path  between  the 
photoemitter  and  the 
photodetector. 
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m  SEMICONDUCTOR 

TECHNICAL  DATA 


Slotted  Optical  Switches 

Transistor  Output 

Each  device  consists  of  a  gallium  arsenide  infrared  emitting  diode  facing  a  silicon  NPN 
phototransistor  in  a  molded  plastic  housing.  A  slot  in  the  housing  between  the  emitter 
and  the  detector  provides  the  means  for  mechanically  interrupting  the  infrared  beam. 
These  devices  are  widely  used  as  position  sensors  in  a  variety  of  applications. 

•  Single  Unit  for  Easy  PCB  Mounting 

•  Non-Contact  Electrical  Switching 

•  Long-Life  Liquid  Phase  Epi  Emitter 

•  1  mm  Detector  Aperture  Width 


H21A1 

H21A2 

H21A3 

H22A1 

H22A2 

H22A3 


SLOTTED 

OPTICAL  SWITCHES 
TRANSISTOR  OUTPUT 


Esssana i 

KSil 

INPUT  LED 

Reverse  Voltage 

Vr 

6 

Volts 

Forward  Current  —  Continuous 

Ip 

60 

mA 

Input  LED  Power  Dissipation  @  Ta  =  25°C 

Pd 

150 

mW 

Derate  above  25°C 

2 

mW/°C 

OUTPUT  TRANSISTOR 


Collector-Emitter  Voltage 

VCEO 

30 

Volts 

Output  Current  —  Continuous 

*c 

100 

mA 

Output  Transistor  Power  Dissipation  @  Ta  =  25°C 

Pd 

150 

mW 

Derate  above  25°C 

2 

mW/°C 

TOTAL  DEVICE 


Ambient  Operating  Temperature  Range 

Ta 

-55  to  +100 

°C 

Storage  Temperature 

Tstg 

-  55  to  +100 

°C 

Lead  Soldering  Temperature  (5  seconds  max) 

- 

260 

°C 

Total  Device  Power  Dissipation  @  T/\  =  25°C 

Derate  above  25°C 

PD 

300 

4 

mW 

mW/°C 

FIGURE  20.49  The  H21-2  series  optointerrupters  specification  sheet.  (Copyright  of 
Semiconductor  Component  Industries,  LLC.  Used  by  permission.) 


H21A1,  2  AND  3 
CASE  354A-01 


H22A1,  2  AND  3 
CASE  354-02 


The  type  of  application  discussed  here  is  the  primary  application  for  the  optointer- 
rupter.  Any  other  type  of  optical-coupling  application  is  usually  performed  by  a  discrete 
optocoupler  or  an  optoisolator. 


Section  Review  ► 


1.  What  is  an  optoisolator ? 

2.  List  and  define  the  common  isolation  parameters  and  ratings  of  the  optoisolator. 

3.  Describe  the  operation  of  the  solid-state  relay  (SSR). 

4.  Contrast  the  optointerrupter  with  the  optoisolator. 


CHAPTER  SUMMARY 

Here  is  a  summary  of  the  major  points  made  in  this  chapter: 

1.  Thyristors  are  devices  designed  specifically  for  high-power  switching  applications. 

2.  Unlike  other  switching  devices  (such  as  BJTs  and  FETs),  thyristors  are  not 
designed  for  use  in  linear  amplifiers. 

3.  Optoelectronic  devices  are  controlled  by  or  emit  (generate)  light. 

4.  A  silicon  unilateral  switch  ( SUS )  is  a  two-terminal,  four-layer  device  that  can  be 
triggered  into  conduction  by  applying  a  specified  potential  across  its  terminals  (see 
Figure  20.1). 
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5.  The  SUS  is  commonly  called  by  any  of  the  following  names:  pnpn  diode,  four- 
layer  diode,  Schockley  diode,  current  latch,  or  reverse  blocking  diode  thyristor  (the 
JEDEC  designated  name). 

6.  The  SUS  can  be  represented  as  cross-connected  complementary  transistors  (see 
Figure  20.2). 

a.  The  circuit  does  not  conduct  as  long  as  the  anode-to-cathode  voltage  (VAK)  is 
lower  than  the  rated  forward  breakover  voltage  (VBK(F}). 

b.  When  VAK  reaches  the  value  of  VBRiF),  the  device  is  driven  into  saturation. 
Device  current  (IF)  rapidly  increases,  and  VAK  rapidly  decreases. 

c.  The  saturation  value  of  VAK  is  identified  as  VF  on  the  SUS  operating  curve  (see 
Figure  20.3). 

7.  Since  the  SUS  drives  itself  into  saturation  when  VAK  =  VBRIF),  a  series  current- 
limiting  resistor  must  be  used. 

8.  Once  it  saturates,  an  SUS  conducts  as  long  as  IF  is  greater  than  the  holding  current 
(IH)  rating  of  the  component. 

9.  Once  IF  decreases  below  the  value  of  lH,  the  device  remains  in  cutoff  until  VAK 
again  reaches  the  value  of  VBR(F). 

10.  Two  methods  are  commonly  used  to  drive  IF  below  the  value  of  IH. 

a.  Anode  current  interruption  drives  an  SUS  into  cutoff  by  breaking  the  diode 
current  path  or  shorting  current  around  the  component  (see  Figure  20.4). 

b.  In  practice,  anode  current  interruption  is  caused  by  the  opening  of  a  fuse  (series) 
or  by  pushing  a  reset  switch  (parallel). 

c.  Forced  commutation  drives  an  SUS  into  cutoff  by  applying  a  reverse  voltage 
across  the  device.  When  IF  <  hi  the  device  cuts  off  (see  Figure  20.5). 

11.  The  forward  operating  curve  of  the  SUS  is  divided  into  two  parts: 

a.  The  forward  block  region  falls  between  0  V  <  VAK  <  VBR(F).  This  region  repre¬ 
sents  the  off-state  (nonconducting)  operation  of  the  component. 

b.  The  forward  operating  region  is  the  area  of  the  curve  that  represents  the  on-state 
(conducting)  characteristics  of  the  device. 

12.  The  limits  of  the  SUS  forward  operating  region  are  defined  by  VBR(F)  and  IBR{Fh 

a.  The  forward  breakover  current  dBR(F))  is  the  value  of  lF  at  the  point  where 
breakover  occurs. 

b.  The  relationship  among  operating  temperature,  VlmF),  and  lBR{F)  is  shown  in  Fig¬ 
ure  20.7.  Note  that  an  increase  in  temperature  can  cause  the  device  to  trigger  at 
values  of  VAK  that  are  lower  than  VBR(F). 

13.  The  average  on-state  current  {If)  rating  is  the  maximum  allowable  forward  current 
for  the  device.  This  value  is  used  when  selecting  the  value  of  a  series  current- 
limiting  resistor. 

14.  The  SUS  is  rarely  used  anymore.  However,  the  commonly  used  thyristors  are  all 
variations  on  the  SUS  and  can  be  explained  in  terms  of  SUS  characteristics. 

15.  The  silicon-controlled  rectifier  (SCR)  is  a  three-terminal  device  that  is  very  similar 
to  the  SUS.  The  primary  difference  is  the  addition  of  a  gate  terminal. 

a.  The  added  gate  terminal  provides  another  method  of  component  triggering  (see 
Figure  20.8). 

b.  Except  for  gate  triggering,  the  operating  characteristics  of  the  SCR  are  identical 
to  those  of  the  SUS. 

16.  Gate  triggering  is  accomplished  by  applying  a  positive  pulse  to  the  gate  terminal 
(see  Figure  20.9). 

a.  The  positive  pulse  forces  Q2  (in  the  equivalent  circuit)  into  conduction. 

b.  Once  driven  into  conduction,  the  device  takes  itself  into  saturation  ( just  like  the 
SUS). 

c.  Once  saturated,  the  gate  becomes  ineffective  until  the  device  is  driven  back  into 
cutoff  by  anode  current  interruption  or  forced  commutation. 

17.  The  operating  curve  of  the  SCR  is  shown  in  Figure  20.10. 

a.  At  a  given  value  of  VAK,  the  current  generated  through  the  gate  can  cause  the 
component  to  break  into  its  forward  operating  region. 
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b.  As  long  as  IF  >  IH,  the  device  continues  to  conduct,  regardless  of  the  potential 
applied  to  the  gate. 

18.  The  circuit  fusing  ( I2t )  rating  of  an  SCR  indicates  its  maximum  forward  surge 
current-handling  capability.  If  the  I2t  rating  of  an  SCR  is  exceeded,  the  device  may 
be  damaged  or  destroyed  by  excessive  heat. 

19.  False  triggering  is  a  situation  where  an  SCR  is  accidentally  triggered  into  conduc¬ 
tion.  False  triggering  can  be  caused  by: 

a.  A  noise  signal  at  the  SCR  gate  terminal. 

b.  A  short  rise-time  noise  signal  in  VAK. 

c.  A  sufficient  increase  in  temperature  (as  is  the  case  with  the  SUS). 

20.  The  critical  rise  ( dv/dt )  rating  of  an  SCR  indicates  the  maximum  rate  of  increase  in 
VAK  that  can  occur  without  causing  false  triggering. 

21.  A  relatively  small  amount  of  noise  can  have  a  sufficient  rate  of  increase  to  cause 
false  triggering  (see  Example  20.4). 

22.  False  triggering  from  gate  noise  can  be  prevented  by: 

a.  Connecting  the  gate  terminal  (via  a  resistor)  to  a  negative  supply  voltage. 

b.  Connecting  a  bypass  capacitor  across  from  the  SCR  gate  to  ground. 

Both  of  these  methods  are  illustrated  in  Figure  20.12. 

23.  False  triggering  from  noise  in  VAK  is  normally  prevented  by  the  use  of  a  snubber 
network. 

a.  A  snubber  network  is  a  simple  RC  circuit  connected  across  the  SCR  (see  Figure 
20.13). 

b.  The  capacitor  effectively  shorts  any  noise  to  ground.  The  resistor  limits  the 
capacitor  discharge  current  when  the  SCR  is  triggered. 

24.  One  common  application  for  the  SCR  is  found  in  a  crowbar  (see  Figure  20.14). 

a.  A  crowbar  is  a  circuit  designed  to  protect  a  voltage-sensitive  load  from  excessive 
power  supply  voltages. 

b.  If  the  output  from  a  voltage  source  exceeds  a  specified  limit,  the  SCR  (which  is 
in  parallel  with  the  load)  triggers,  shorting  out  the  excessive  voltage. 

c.  Once  activated,  the  SCR  in  a  crowbar  conducts  until  the  power  supply  fuse  gives 
out  (which  is  an  example  of  anode  current  interruption). 

25.  A  phase  controller  is  a  circuit  used  to  control  the  conduction  angle  through  a  load 
and,  thus,  the  average  load  voltage.  Phase  controller  operation  is  illustrated  in  Fig¬ 
ure  20.15. 

26.  Whenever  possible,  an  SCR  is  tested  in-circuit. 

a.  When  open,  the  device  won’t  trigger. 

b.  When  shorted,  the  device  conducts  continually. 

c.  When  an  SCR  cannot  be  tested  in-circuit,  it  can  be  checked  using  a  test  circuit 
like  the  one  shown  in  Figure  20.17. 

27.  Diacs  and  triacs  are  bidirectional  thyristors;  that  is,  they  are  capable  of  conducting 
in  two  directions. 

28.  The  diac  is  a  two-terminal,  three-layer  device  with  forward  and  reverse  characteris¬ 
tics  that  are  identical  to  the  forward  characteristics  of  an  SUS.  (The  diac  is  essen¬ 
tially  a  bidirectional  SUS.) 

29.  The  construction  of  the  diac  is  similar  to  that  of  the  BJT  (see  Figure  20.19).  However: 

a.  There  is  no  base  terminal. 

b.  The  three  regions  are  nearly  identical  in  size. 

c.  The  three  regions  have  nearly  identical  doping  levels. 

The  BJT  base  is  very  small  and  very  lightly  doped  compared  to  the  other  materials. 

30.  The  forward  and  reverse  curves  for  the  diac  are  identical  to  the  forward  operating 
curve  of  the  SUS  (see  Figure  20.20). 

31.  The  triac  is  a  three-terminal,  five-layer  device  with  forward  and  reverse  characteris¬ 
tics  that  are  identical  to  the  forward  characteristics  of  the  SCR  (see  Figure  20.21). 

32.  The  triac  is  essentially  a  bidirectional  SCR. 

33.  There  are  four  combinations  of  component  biasing  and  triggering  that  can  be  used 
to  force  a  triac  to  conduct  (see  Figure  20.25). 

34.  Most  triac  specifications  are  identical  to  those  for  the  SCR. 
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35.  The  triggering  requirements  for  each  operating  quadrant  are  listed  on  the  compo¬ 
nent  spec  sheet. 

36.  Other  devices  are  often  connected  to  the  gate  of  a  triac  to  provide: 

a.  Positive  gate  voltage  triggering  only. 

b.  Negative  gate  voltage  triggering  only. 

c.  Bidirectional  triggering  at  voltages  higher  than  the  component’s  VGT  rating  (see 
Figure  20.26). 

37.  Triacs  are  typically  used  in  bidirectional  phase  control  circuits  (see  Figure  20.27). 

38.  Diac  and  triac  operating  characteristics  are  summarized  in  Figure  20.29. 

39.  The  unijunction  transistor  ( UJT )  is  a  three-terminal  device  whose  trigger  voltage  is 
proportional  to  its  applied  biasing  voltage. 

a.  The  terminals  of  a  UJT  are  called  the  emitter,  base  1,  and  base  2. 

b.  The  schematic  symbol  for  the  UJT  is  similar  to  that  of  the  JFET  because  of  simi¬ 
larities  in  their  construction  (see  Figures  20.30  and  20.31). 

40.  The  intrinsic  standoff  ratio  (t)  )  is  the  ratio  of  emitter-base  1  resistance  to  the  total 
interbase  resistance.  The  intrinsic  standoff  ratio  is  a  component  rating  that  is  pro¬ 
vided  on  the  UJT  spec  sheet. 

41.  As  UJT  current  increases  from  the  peak  current  (IP)  to  the  valley  current  (Iv),  the 
voltage  across  the  component  decreasees  (see  Figure  20.34).  As  a  result,  the  UJT  is 
referred  to  as  a  negative  resistance  component  (as  is  the  tunnel  diode). 

42.  UJTs  are  often  used  in  relaxation  oscillators,  that  is,  circuits  that  use  the  charge/ 
discharge  characteristics  of  a  capacitor  or  inductor  to  produce  a  pulse  output  (see 
Figure  20.35). 

43.  The  programmable  unijunction  transistor  ( PUT)  is  very  similar  to  an  SCR. 

a.  A  reference  voltage  is  applied  to  the  component’s  gate. 

b.  When  VK  exceeds  the  reference  voltage,  the  device  is  triggered  into  conduction. 

c.  A  relaxation  oscillator  can  be  constructed  using  a  PUT,  as  shown  in  Figure  20.36. 

44.  UJT  and  PUT  characteristics  are  summarized  in  Figure  20.37. 

45.  Light  is  electromagnetic  energy  that  falls  within  a  specific  range  of  frequencies  (see 
Figure  20.38). 

46.  Optoelectronic  devices  are  classified  as  emitters,  detectors,  or  a  combination  of  the  two. 

a.  A  photoemitter  generates  light.  (The  LED  is  a  photoemitter.) 

b.  A  photodetector  responds  to  light  at  its  input. 

47.  Two  characteristics  of  light  play  important  roles  in  the  operation  of  photoemitters 
and  photodetectors: 

a.  Wavelength  (X)  is  the  physical  length  of  one  cycle  of  a  transmitted  electromag¬ 
netic  wave. 

b.  Light  intensity  is  the  amount  of  light  per  unit  area  received  by  a  given  photo¬ 
detector.  Light  intensity  decreases  as  the  distance  between  a  source  and  detector 
increases. 

48.  A  photodiode  is  a  diode  whose  reverse  conduction  is  light-intensity  controlled. 

a.  An  increase  in  light  causes  an  increase  in  the  reverse  diode  current. 

b.  The  photodiode  is  a  detector  that  is  typically  housed  in  an  opaque  case  with  an 
LED  (see  Figure  20.41). 

c.  The  light  current  (If)  rating  indicates  the  amount  of  reverse  current  through  a 
photodiode  with  an  active  light  input. 

d.  The  dark  current  (ID)  rating  indicates  the  amount  of  reverse  current  with  no 
active  light  input. 

e.  The  value  of  lL  is  typically  thousands  of  times  as  great  as  the  value  of  ID. 

49.  The  wavelength  of  peak  spectral  response  (Xs)  is  a  rating  that  indicates  the  wave¬ 
length  that  produces  the  strongest  response  from  a  photodetector,  usually  measured 
in  nanometers  (nm). 

50.  The  sensitivity  of  a  photodetector  is  a  measure  of  its  response  to  a  specified  light 
intensity  (as  opposed  to  frequency). 

51.  Spectral  response  is  a  measure  of  a  photodetector’s  response  to  a  change  in  wave¬ 
length.  It  describes  how  device  sensitivity  changes  in  response  to  a  change  in  wave¬ 
length. 
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52.  The  primary  photodiode  ratings  are  summarized  in  Figure  20.43. 

53.  A  phototransistor  is  a  three-terminal  photodetector  whose  collector  current  is  con¬ 
trolled  by  the  intensity  of  light  at  its  optical  input  (base). 

54.  A  photo-Darlington  is  a  phototransistor  that  has  a  higher  current  capability  than  the 
standard  phototransistor. 

55.  A  light-activated  SCR  ( LASCR ),  or  photo-SCR,  is  triggered  into  conduction  by  an 
optical  input.  As  such,  it  can  be  used  as  an  optically  coupled  phase-control  circuit. 

56.  An  optoisolator  is  an  optocoupler,  a  device  that  uses  light  to  couple  a  signal  from 
its  input  (a  photo  emitter)  to  its  output  (a  photodetector). 

a.  Optoisolators  house  the  emitter  and  detector  in  a  single  IC. 

b.  An  input  generates  an  internal  optical  response,  which  in  turn  causes  a  change  in 
the  circuit  output. 

c.  The  isolation  source  voltage  (V iso)  rating  of  the  component  indicates  the  maxi¬ 
mum  difference  of  potential  that  can  exist  across  its  input  and  output  circuits 
without  damaging  the  IC. 

57.  An  optointerrupter  is  an  optocoupler  designed  to  allow  an  external  object  to  block 
the  light  path  between  the  photoemitter  and  photodetector  (see  Figure  20.49). 
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PRACTICE  PROBLEMS 

Section  20.2 

1.  The  2N6237  SCR  has  a  circuit  fusing  rating  of  2.6  A2s.  Determine  whether  the  com¬ 
ponent  can  withstand  a  25  A  surge  that  lasts  for  120  ms. 

2.  The  2N6342  SCR  has  a  circuit  fusing  rating  of  40  A2s.  Determine  whether  the 
device  can  withstand  an  80  A  surge  that  lasts  for  8  ms. 

3.  The  2N6237  SCR  has  a  circuit  fusing  rating  of  2.6  A2s.  Determine  the  maximum 
allowable  duration  of  a  50  A  surge  through  the  device. 

4.  The  2N6342  has  a  circuit  fusing  rating  of  40  A2s.  Determine  the  maximum  allow¬ 
able  duration  of  a  95  A  surge  through  the  device. 

5.  The  2N6237  has  a  circuit  fusing  rating  of  2.6  A2s.  Determine  the  maximum  surge 
current  that  the  device  can  withstand  for  50  ms. 

6.  The  2N6342  has  a  circuit  fusing  rating  of  40  A2s.  Determine  the  maximum  surge 
current  that  the  device  can  withstand  for  100  ms. 

7.  The  2N6237  has  a  critical  rise  rating  of  dv/dt  =  10  V/|xs.  Determine  the  anode  noise 
amplitude  at  tr=  10  ns  required  to  cause  false  triggering. 

8.  The  2N6342  has  a  critical  rise  rating  of  dv/dt  =  5  V/p,s.  Determine  the  anode  noise 
amplitude  at  tr  =  25  ns  required  to  cause  false  triggering. 

Section  20.4 

9.  The  2N2646  has  a  range  of  T|  =  0.56  to  0.75.  Determine  the  range  of  VP  values  for 
the  device  when  VBB  =  + 14  V. 

10.  The  2N4871  UJT  has  a  range  of  T|  =  0.7  to  0.85.  Determine  the  range  of  VP  values 
for  the  device  when  VBB  =  + 12  V. 

11.  The  2N4948  UJT  has  a  range  of  T|  =  0.55  to  0.82.  Determine  the  range  of  V P  values 
for  the  device  when  VBB  =  + 16  V. 

12.  The  2N4949  UJT  has  a  range  of  -q  =  0.74  to  0.86.  Determine  the  range  of  VP  values 
for  the  device  when  VBB  =  +26  V. 

Section  20.5 

13.  Determine  the  wavelength  (in  nm)  for  a  650  THz  signal. 

14.  Determine  the  wavelength  (in  nm)  for  a  220  THz  signal. 

15.  Determine  the  wavelength  (in  nm)  for  a  180  THz  signal. 

16.  The  visible  light  spectrum  includes  all  frequencies  between  approximately  400  and 
800  THz.  Determine  the  range  of  wavelength  values  for  this  band  of  frequencies. 

17.  A  photodetector  has  a  value  of  ks  =  0.94  nm.  Determine  the  optimum  operating  fre¬ 
quency  for  the  device. 
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18.  A  photodetector  has  a  rating  of  \s  =  0.84  nm.  Determine  the  optimum  operating 
frequency  for  the  device. 

PUSHING  THE  ENVELOPE 

19.  The  spec  sheet  for  the  SCR  in  Figure  20.50  is  given  in  Figure  20.11.  The  output 
short-circuit  current  for  the  dc  power  supply  is  4  A  and  will  remain  at  that  level  until 
its  primary  fuse  blows.  For  the  circuit,  determine  the  following: 

a.  The  maximum  value  of  Vdc  required  to  trigger  the  SCR. 

b.  The  maximum  value  of  zener  current  at  the  instant  that  the  SCR  triggers. 

c.  Whether  the  fuse  or  the  SCR  will  open  first. 


20.  Refer  to  Figure  20.51.  R2  in  the  circuit  is  set  to  the  value  shown.  The  spec  sheet  for 
the  2N6400  is  given  in  Figure  20.1 1.  Determine  the  conduction  angle  for  the  circuit 
load.  (Hint:  Start  by  finding  the  maximum  value  of  vin  required  to  trigger  the  SCR.) 


FIGURE  20.51 


21.  Refer  to  Figure  20.35.  The  relaxation  oscillator  shown  contains  a  51  V  zener  diode. 
The  UJT  has  a  range  of  ti  =  0.7  to  0.82.  Determine  the  minimum  value  of  VE 
required  to  trigger  the  UJT. 


ANSWERS  TO  THE 
EXAMPLE  PRACTICE 

20.1 

For  the  application,  /  2t  =  54  A2s.  The  device  cannot  handle  the  surge. 

PROBLEMS 

20.2 

3.3  ms 

20.3 

38.73  A 

20.4 

2.5  mV 

20.5 

9.7  V 

20.6 

750  to  10,000  nm  (10  p,m) 

20.7 

319.2  THz 
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chapter  21 


Discrete  and  Integrated 
Voltage  Regulators 


Objectives 

After  studying  the  material  in  this  chapter,  you  should  be  able  to: 

1.  List  the  purposes  served  by  a  voltage  regulator. 

2.  Define  line  regulation  and  its  commonly  used  units  of  measure. 

3.  Define  load  regulation  and  its  commonly  used  units  of  measure. 

4.  Describe  and  analyze  the  operation  of  the  pass-transistor  regulator. 

5.  Describe  the  means  by  which  short-circuit  protection  is  provided  for  a  pass-transistor 
regulator. 

6.  Describe  and  analyze  the  operation  of  the  shunt-feedback  regulator. 

7.  Discuss  the  need  for  overvoltage  protection  in  a  shunt-feedback  regulator  and  the  means 
by  which  it  is  provided. 

8.  List  the  reasons  why  the  series  regulator  is  preferred  over  the  shunt  regulator. 

9.  List  and  describe  the  various  types  of  linear  IC  voltage  regulators. 

10.  List  and  describe  the  commonly  used  linear  IC  regulator  parameters  and  ratings. 

11.  Describe  the  fundamental  operating  difference  between  the  linear  regulator  and  the 
switching  regulator. 

12.  List  the  four  parts  of  the  basic  switching  regulator,  and  describe  the  function  of  each. 

13.  Describe  the  response  of  a  switching  regulator  to  a  change  in  load  demand. 

14.  Describe  the  two  most  commonly  used  methods  for  controlling  power  switch  conduction. 

1 5.  List  the  circuit  recognition  features  for  each  of  the  common  switching  regulator 
configurations. 

16.  Describe  the  functions  performed  by  a  typical  switching  regulator  IC. 

17.  In  terms  of  their  advantages,  disadvantages,  and  applications,  compare  and  contrast  linear 

and  switching  regulators.  ^ 


Outline 

21.1  Voltage  Regulation :  An  Overview 

21.2  Series  Voltage  Regulators 

21.3  Shunt  Voltage  Regulators 

21.4  Linear  IC  Voltage  Regulators 

21.5  S  witching  Regulators 
Chapter  Summary 

In  Chapter  3,  you  were  introduced  to  the  operation  of  the  basic  power  supply.  At  that 
time,  you  were  shown  that  a  rectifier  is  used  to  convert  the  ac  output  of  a  transformer  to 
pulsating  dc.  This  pulsating  dc  is  then  applied  to  a  filter,  which  reduces  the  variations  in 
the  rectifier  output.  Finally,  the  filtered  dc  is  applied  to  a  voltage  regulator.  This  regulator 
serves  two  purposes: 

OBJECTIVE  1  ►  1.  It  reduces  the  variations  (ripple)  in  the  filtered  dc. 

2.  It  maintains  a  relatively  constant  output  voltage  regardless  of  minor  changes  in  load 
current  demand  and/or  input  voltage. 

The  block  diagram  of  the  basic  power  supply  is  shown  (along  with  its  waveforms)  in 
Figure  21.1. 


Circuit  input  voltage  Rectifier  output  voltage  Filter  output  voltage  dc  output  voltage 
FIGURE  21.1  Basic  power  supply  block  diagram  and  waveforms. 


The  voltage  regulator  we  used  in  Chapter  3  was  a  zener  diode  connected  in  parallel 
with  the  load.  In  practice,  this  type  of  regulator  is  rarely  used.  The  primary  problem  with 
the  simple  zener  regulator  is  that  it  wastes  a  tremendous  amount  of  power. 

Practical  voltage  regulators  contain  a  number  of  discrete  and/or  integrated  active 
devices.  In  this  chapter,  we  will  look  at  the  operation  of  many  of  these  more  practical 
voltage  regulators. 


21.1  Voltage  Regulation:  An  Overview 


The  ideal  voltage  regulator  maintains  a  constant  dc  output  voltage  regardless  of  changes 
in  its  input  voltage  or  its  load  current  demand.  For  example,  consider  the  + 10  Vdc  regula¬ 
tor  shown  in  Figure  21.2.  A  change  in  the  regulator  input  voltage  (shown  as  AVin  in 
Figure  21.2a)  would  not  be  coupled  to  the  regulator  output.  Note  that  AVin  could  be  either 
a  change  in  the  steady-state  (dc)  value  of  Vm  or  could  be  some  ripple  voltage.  In  either 
case,  the  change  in  Vout  for  the  ideal  regulator  would  be  0  V.  This  assumes,  of  course,  that 
the  value  of  Vin  does  not  decrease  below  the  value  required  to  maintain  the  operation  of 
the  regulator. 
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FIGURE  21.2  A  +10  Vdc  regulator. 


Figure  21.2b  shows  how  the  ideal  voltage  regulator  would  respond  to  a  change  in  load 
current  demand.  Assume  that  load  1  and  load  2  have  the  same  resistance.  When  SW)  is 
closed,  the  added  load  causes  the  current  demand  on  the  regulator  to  double.  The  ideal 
voltage  regulator  maintains  a  constant  output  voltage  (A  Vout  =  0  V)  despite  the  change  in 
load  current  demand. 


21.1.1  Line  Regulation 

In  practice,  a  change  in  the  input  voltage  to  a  regulator  does  cause  a  change  in  its  output 
voltage.  The  line  regulation  rating  of  a  voltage  regulator  indicates  the  change  in  output 
voltage  that  occurs  per  unit  change  in  the  input  voltage.  The  line  regulation  of  a  voltage 
regulator  is  found  as 

AV 

line  regulation  = —pi  (21.1) 

AVin 


◄  OBJECTIVE  2 

Line  regulation 

A  rating  that  indicates  the 
change  in  regulator  output 
voltage  that  occurs  per  unit 
change  in  input  voltage. 


where  AVout  =  the  change  in  output  voltage  (usually  in  microvolts  or  millivolts) 

AVin  =  the  change  in  input  voltage  (usually  in  volts) 

Example  21.1  illustrates  the  concept  of  line  regulation. 

EXAMPLE  21.1 _ 

A  voltage  regulator  experiences  a  10  |xV  change  in  output  voltage  when  its  input 
voltage  changes  by  5  V.  Determine  the  value  of  line  regulation  for  the  circuit. 

Solution:  The  line  regulation  of  the  circuit  is  found  as 

line  regulation  =  ^j111  -  =  2  p,V/V 

“Mil  “  * 


The  2  |xV/V  rating  means  that  the  output  voltage  will  change  by  2  p,V  for  every  1  V 
change  in  the  regulator’s  input  voltage. 

Practice  Problem  21.1 

The  change  in  output  voltage  for  a  voltage  regulator  is  measured  at  100  p,V  when  the 
input  voltage  changes  by  4  V.  Calculate  the  line  regulation  rating  for  the  regulator. 
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A  Practical  Consideration: 
Technically,  line  regulation 
should  have  no  unit  of  measure 


because  it  is  the  ratio  of  one 
;«o^ge  value  to  another. 


OBJECTIVE  3  ► 


Load  regulation 

A  rating  that  indicates  the 
change  in  regulator  output 
voltage  per  unit  change  in  load 
current. 


As  was  stated  earlier,  the  ideal  voltage  regulator  would  have  a  AVout  of  0  V  when  the 
input  voltage  changes.  Thus,  for  the  ideal  voltage  regulator: 

AK™  0  V  „ 

line  regulation  =  .  T/  =  — —  —  0 

AVin  AVin 

Based  on  the  fact  that  the  ideal  line  regulation  rating  is  zero,  we  can  make  the  following 
statement:  The  lower  the  line  regulation  rating  of  a  voltage  regulator,  the  higher  the  quality 
of  the  circuit. 

Line  regulation  is  commonly  expressed  in  a  variety  of  units.  The  p,V/V  rating  used  in 
Example  21.1  is  only  one  of  them.  The  commonly  used  line  regulation  units  are  identifiied 
in  Table  21.1. 


TABLE  21.1  Commonly  Used  Line  Regulation  Units 
Unit  Meaning 


p-V/V 

ppm/V 

%/V 


mV  (or  (jlV) 


The  change  in  output  voltage  (in  microvolts)  per  1  V  change  in  input  voltage. 

Parts-per-million  per  volt.  Another  way  of  saying  microvolts  per  volt. 

The  percentage  of  change  in  the  output  voltage  that  may  occur  per  1  V  change  in 
the  input  voltage. 

The  total  percentage  of  change  in  output  voltage  that  can  occur  over  the  rated 
range  of  input  voltages. 

The  actual  change  in  output  voltage  that  may  occur  over  the  rated  range  of  input 
voltages. 


21.1.2  Load  Regulation 

The  practical  voltage  regulator  also  experiences  a  slight  change  in  output  voltage  when 
there  is  a  change  in  load  current  demand.  The  load  regulation  rating  indicates  the  change 
in  regulator  output  voltage  that  occurs  per  unit  change  in  load  current.  The  load  regula¬ 
tion  of  a  voltage  regulator  is  found  as 

(21.2) 


where  VNL  =  the  no-load  output  voltage  (the  output  voltage  when  the  load  is  open) 
VFL  =  the  full-load  output  voltage  (the  output  voltage  when  the  load  current 
demand  is  at  its  maximum  value) 

A//  =  the  change  in  load  current  demand 

Another  way  of  expressing  this  is 


Example  21.2  illustrates  the  concept  of  load  regulation. 


EXAMPLE  21,2 _ 

A  voltage  regulator  is  rated  for  an  output  current  of  IL  -  0  to  20  mA.  Under  no- 
load  conditions,  the  output  voltage  from  the  circuit  is  5  V.  Under  full-load  condi¬ 
tions,  the  output  voltage  from  the  circuit  is  4.9998  V.  Determine  the  value  of  load 
regulation  for  the  circuit. 
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Solution:  The  load  regulation  of  the  circuit  is  found  as 


load  regulation 


*NL 


'  FL 


A4 


5  V  -  4.9998  V 
20  mA 


=  10  (tV/mA 


The  10  ixV/mA  rating  indicates  that  the  output  voltage  changes  by  10  |xV  for  each 
1  mA  change  in  load  current. 


Practice  Problem  21.2 

A  voltage  regulator  is  rated  for  an  output  current  of  IL  =  0  to  40  mA.  Under  no- 
load  conditions,  the  output  voltage  from  the  circuit  is  8  V.  Under  full-load  condi¬ 
tions,  the  output  voltage  from  the  circuit  is  7.996  V.  Determine  the  value  of  load 
regulation  for  the  circuit. 


Like  the  line  regulation  rating,  load  regulation  is  commonly  expressed  in  a  variety 
of  units.  The  commonly  used  load  regulation  units  are  identified  in  Table  21.2. 


TABLE  21.2  Commonly  Used  Load  Regulation  Units 
Unit  Meaning 

|xV/mA  The  change  in  output  voltage  (in  microvolts)  per  1  mA  change  in  load  current. 

%/mA  The  percentage  of  change  in  the  output  voltage  per  1  mA  change  in  load  current. 

%  The  total  percentage  of  change  in  output  voltage  over  the  rated  range  of  load 

current  values. 

mV  (or  |aV)  The  actual  change  in  output  voltage  that  may  occur  over  the  rated  range  of  load 
current  values. 

0  V/mA,  expressed  as  a  resistance  value;  the  rating  times  the  value  of  AIL  gives 

you  the  corresponding  value  of  A  VL  for  the  regulator. 


The  ideal  voltage  regulator  would  not  experience  a  change  in  output  voltage  when  the 
load  current  demand  increases.  Thus,  for  the  ideal  regulator,  VNL  =  VFL  and  load  regula¬ 
tion  equals  zero.  Based  on  this  fact,  we  can  state  that  the  lower  the  load  regulation  rating 
of  a  voltage  regulator,  the  higher  the  quality  of  the  circuit. 


21.1.3  Line  and  Load  Regulation:  Some  Practical  Considerations 


Some  manufacturers  combine  the  line  regulation  and  load  regulation  ratings  into  a  single 
regulation  rating.  This  rating  indicates  the  maximum  change  in  output  voltage  that  can 
occur  when  input  voltage  and  load  current  are  varied  over  their  entire  rated  ranges.  For 
example,  one  voltage  regulator  has  the  following  ratings: 


Vin  =  12  to  24  V* 

4  =  40  mA  (maximum) 
regulation  =  0.33% 


Regulation 

A  rating  that  indicates  the 
maximum  change  in  regulator 
output  voltage  that  can  occur 
when  input  voltage  and  load 
current  are  varied  over  their 
entire  rated  ranges. 


These  ratings  indicate  that  the  output  voltage  of  the  regulator  will  vary  by  no  more  than 
0.33%  as  long  as  Vin  remains  between  12  and  24  Vdc  and  load  current  does  not  exceed 
40  mA.  A  single  regulation  rating  is  always  given  either  as  a  percentage  or  in  millivolts  or 
microvolts. 

There  is  one  other  important  consideration  we  need  to  discuss.  The  unit  of  measure 
used  for  line  regulation  and/or  load  regulation  is  often  a  good  indicator  of  the  quality  of 


Section  21.1  Voltage  Regulation:  An  Overview 


893 


that  regulator.  For  example,  let’s  say  that  we  need  to  choose  between  two  voltage  regula- 


tors  with  the  following  ratings: 

Regulator 

dc  Output  Voltage 

Line  Regulation 

A 

+  10V 

0.12  %/V 

B 

+  10V 

40  |xV/V 

If  the  input  voltage  to  regulator  A  increases  by  5  V,  the  output  voltage  of  the  circuit  is 

Vou,  =  Vdc  +  (0.0012Vdc)(AVin)  =  10  V  +  0.06  V  =  10.06  V 

If  the  input  voltage  to  regulator  B  increases  by  5  V,  the  output  voltage  of  the  circuit  is 

Fout  =  10  V  +  (40  pV)(AVin)  -  10  V  +  200  pV  =  10.0002  V 

As  you  can  see,  the  regulator  with  the  pV/V  rating  experiences  a  smaller  change  in  out¬ 
put  voltage  than  the  regulator  with  the  %/V  rating.  Since  the  ideal  voltage  regulator 
would  have  no  change  in  output  voltage  when  the  input  voltage  changed,  regulator  B 
comes  much  closer  to  the  ideal  regulator  than  regulator  A. 


21.1.4  Types  of  Regulators 

There  are  two  basic  types  of  discrete  voltage  regulators:  the  series  regulator  and  the  shunt 
regulator.  These  two  types  of  regulators  are  represented  by  the  blocks  in  Figure  21.3.  The 


(a)  (b) 

FIGURE  21.3  Series  and  shunt  regulators. 


Section  Review  ► 


1.  What  two  purposes  are  served  by  a  voltage  regulator? 

2.  How  would  the  ideal  voltage  regulator  respond  to  a  change  in  input  voltage? 

3.  How  would  the  ideal  voltage  regulator  respond  to  a  change  in  load  current  demand? 

4.  What  is  line  regulation ? 

5.  What  is  the  line  regulation  value  of  an  ideal  voltage  regulator? 

6.  What  is  the  relationship  between  the  quality  of  a  voltage  regulator  and  its  line  regula¬ 
tion  rating? 

7.  List  and  define  the  commonly  used  line  regulation  ratings. 

8.  What  is  load  regulation ? 

9.  List  and  define  the  commonly  used  load  regulation  ratings. 

10.  What  is  the  load  regulation  value  of  an  ideal  voltage  regulator? 

11.  What  is  the  relationship  between  the  quality  of  a  voltage  regulator  and  its  load  regu¬ 
lation  rating? 

12.  Explain  the  single  regulation  rating. 

13.  What  is  a  series  regulator ? 

14.  What  is  a  shunt  regulator ? 
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21.2  Series  Voltage  Regulators 


Series  voltage  regulators  can  take  a  variety  of  forms.  However,  they  all  have  one  or  more 
active  devices  placed  in  series  with  the  load.  In  this  section,  we  will  take  a  look  at  several 
common  series  voltage  regulators. 

21.2.1  Pass-Transistor  Regulator 

The  pass-transistor  regulator  uses  a  series  transistor,  called  a  pass-transistor,  to  regu¬ 
late  load  voltage.  The  term  pass-transistor  is  used  because  the  load  current  passes 
through  the  series  transistor,  Qj,  as  shown  in  Figure  21.4. 

k 


+ 


The  key  to  the  operation  of  the  pass-transistor  regulator  is  the  fact  that  the  base  voltage 
is  held  to  the  relatively  constant  voltage  across  the  zener  diode.  For  example,  if  a  9. 1  V 
zener  diode  is  used,  the  base  voltage  of  Qx  is  held  at  approximately  9.1  V.  Since  g,  is  an 
npn  transistor,  V,  is  found  as 


mmmm 


mi 


If  we  rearrange  this  equation,  we  get 


(21.3) 


(21.4) 


Equation  (21.4)  can  be  used  to  explain  the  response  of  the  pass-transistor  to  a  change 
in  load  resistance.  If  load  resistance  increases,  load  voltage  also  increases.  Since  the 
zener  voltage  is  constant,  the  increase  in  VL  causes  VBE  to  decrease  [as  given  in  equation 

(21.4)].  The  decrease  in  VBE  reduces  conduction  through  the  pass- transistor,  so  load  cur¬ 
rent  decreases.  This  offsets  the  increase  in  load  resistance,  and  a  relatively  constant  load 
voltage  is  maintained. 

In  a  similar  fashion,  a  decrease  in  load  resistance  causes  VL  to  decrease.  The  reduction 
in  VL  causes  VBE  to  increase  [as  given  in  equation  (21.4)].  The  increase  in  VBE  increases 
conduction  through  the  pass-transistor,  so  load  current  increases.  This  offsets  the 
decrease  in  load  resistance,  and  again,  a  relatively  constant  load  voltage  is  maintained. 

The  pass-transistor  regulator  in  Figure  21.4  has  relatively  good  line  and  load  regulation 
characteristics,  but  there  is  a  problem  with  the  circuit.  If  the  input  voltage  or  load  current 
values  increase,  the  zener  diode  may  have  to  dissipate  a  relatively  high  amount  of  power. 
You  see,  increases  in  Vin  or  IL  result  in  an  increase  in  zener  conduction.  The  increased  zener 
conduction  results  in  higher  power  dissipation  by  the  device.  This  problem  is  reduced  by  the 
use  of  the  Darlington  pass-transistor  regulator. 


◄  OBJECTIVE  4 


Pass-transistor  regulator 

A  regulator  that  uses  a  series 
transistor  to  maintain  a  constant 
load  voltage. 


What  Purpose  Is  Served  by  Rs? 
In  many  cases,  the  zener  requires 
more  current  (to  maintain 


regulation)  than  the  transistor 
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Darlington  pass-transistor 
regulator 

A  series  regulator  that  uses  a 
Darlington  pair  in  place  of  a 
single  pass-transistor. 


Series  feedback  regulator 

A  series  regulator  that  uses  an 
error-detection  circuit  to 
improve  the  line  and  load 
regulation  characteristics  of 
other  pass-transistor  regulators. 


21.2.2  Darlington  Pass-Transistor  Regulator 

The  Darlington  pass-transistor  regulator  uses  a  Darlington  pair  (Q]  and  Q2),  in  place 
of  a  single  pass-transistor,  as  shown  in  Figure  21.5.  The  load  voltage  for  the  Darlington 
circuit  is  found  as 


Yl  =  Vz  -  2VBE  (21.5) 

Since  the  total  current  gain  of  a  Darlington  pair  is  equal  to  hFEXhFE2,  an  increase  in  load 
current  causes  very  little,  if  any,  increase  in  zener  current.  Therefore,  the  regulator  in  Fig¬ 
ure  21.5  is  not  subject  to  the  same  power  concerns  as  the  regulator  in  Figure  21.4.  How¬ 
ever,  zener  conduction  is  affected  by  temperature  and  the  zener  current  is  applied  to  the 
high-current-gain  Darlington  pair.  As  a  result,  the  load  current  in  the  Darlington  pass- 
transistor  regulator  can  be  severely  affected  by  significant  increases  in  operating  tempera¬ 
ture.  For  this  reason,  the  Darlington  pass-transistor  regulator  must  be  kept  at  a  relatively 
constant  temperature. 


k 

+  - 


FIGURE  21.5  Darlington  pass-transistor  regulator. 

21.2.3  Series  Feedback  Regulator 

The  series  feedback  regulator  uses  an  error  detector  to  improve  the  line  and  load  regu¬ 
lation  characteristics  of  the  other  pass-transistor  regulators.  The  block  diagram  for  the 
series  feedback  regulator  is  shown  in  Figure  21 .6. 


FIGURE  21.6  Block  diagram  for  the  series  feedback  regulator. 
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The  error  detector  receives  two  inputs:  a  reference  voltage  derived  from  the  unregu¬ 
lated  dc  input  voltage  and  a  sample  voltage  from  the  regulated  output  voltage.  The  error 
detector  compares  the  reference  and  sample  voltages  and  provides  an  output  voltage  that 
is  proportional  to  the  difference  between  the  two.  This  output  voltage  is  amplified  and 
used  to  drive  the  pass-transistor  regulator. 

The  series  feedback  regulator  is  capable  of  responding  very  quickly  to  differences 
between  its  sample  and  reference  input  voltages.  This  gives  the  circuit  much  better  line  and 
load  regulation  characteristics  than  the  other  circuits  we  have  discussed  in  this  section. 

The  schematic  diagram  for  a  series  feedback  regulator  is  shown  in  Figure  21.7.  The 
sample  and  adjust  circuit  is  the  voltage  divider  that  consists  of  R3,  R4,  and  R5.  The  refer¬ 
ence  voltage  is  set  by  the  zener  diode.  Q2  detects  and  amplifies  the  difference  between 
the  reference  and  sample  voltages  and  adjusts  the  conduction  of  the  pass-transistor 
accordingly. 


FIGURE  21.7  Schematic  diagram  for  a  basic  series  feedback  regulator. 


The  operation  of  the  circuit  shown  in  Figure  21.7  is  best  illustrated  by  describing  its 
response  to  a  change  in  load  resistance.  If  load  resistance  increases,  load  voltage  starts  to 
increase.  The  voltage  divider  is  in  parallel  with  the  load,  so  the  voltage  at  the  base  of  Q2 
also  increases.  The  increase  in  Vb(q2)  increases  the  conduction  through  the  transistor  and 
its  collector  resistor  {R\).  The  increased  conduction  causes  V atm  t0  decrease,  which 
reduces  the  value  of  VH(QV}.  The  reduction  in  Vb<q\)  reduces  the  conduction  through  the 
pass-transistor,  causing  load  current  to  decrease.  The  decrease  in  load  current  offsets  the 
initial  increase  in  load  resistance. 

If  the  load  resistance  decreases,  VL  starts  to  decrease.  The  decrease  in  VL  causes  VB(Q2) 
to  decrease,  which  reduces  the  conduction  through  the  transistor.  The  reduced  conduction 
through  Q2  causes  VC(Q2)  to  increase,  increasing  VB(Qiy  The  increase  in  VB(Ql)  causes  the 
pass-transistor  conduction  to  increase.  This  increases  the  value  of  load  current,  offsetting 
the  initial  decrease  in  load  resistance.  Again,  load  regulation  is  maintained. 

21.2.4  Short-Circuit  Protection 

One  weakness  of  a  standard  series  regulator  is  the  possibility  of  the  pass-transistor  being 
destroyed  by  excessive  load  current  if  the  load  is  shorted.  To  prevent  a  shorted  load  from 
destroying  the  pass-transistor,  a  current- limiting  circuit  can  be  added  to  the  regulator,  as 
shown  in  Figure  21.8. 

The  current-limiting  circuit  consists  of  a  transistor  (Q3)  and  a  series  resistor  (Rs)  that  is 
connected  between  its  base  and  emitter  terminals.  For  Q3  to  conduct,  the  voltage  across 
Rs  must  reach  approximately  0.7  V.  This  happens  when 


0.7  V  _  , 

,L  ‘  Ta  ‘  ™’mA 


<  OBJECTIVE  5 
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Current-limiting  circuit 


FIGURE  21.8  Series  regulator  current-limiting  circuit. 

Thus,  when  load  current  is  less  than  700  mA,  Q3  is  in  cutoff  and  the  circuit  acts  exactly 
as  described  earlier.  If  the  load  current  increases  above  700  mA,  Q3  conducts,  decreasing 
the  voltage  at  the  base  of  Qu  The  decreased  VM{q\ ,  reduces  the  conduction  of  the  pass- 
transistor,  preventing  any  further  increases  in  load  current.  Thus,  the  load  current  for  the 
circuit  is  limited  to  approximately  700  mA.  In  fact,  for  the  type  of  current-limited  regu¬ 
lator  shown,  the  maximum  load  current  can  be  found  as 


(21.6) 

Thus,  the  maximum  allowable  load  current  for  the  regulator  can  be  set  to  any  value  by 
using  the  appropriate  value  of  Rs. 

You  may  be  wondering  why  we  don’t  simply  use  a  single  current-limiting  resistor  to  pro¬ 
tect  the  pass-transistor.  If  a  current-limiting  resistor  is  used,  it  must  have  a  fairly  significant 
value  to  protect  the  pass-transistor.  The  voltage  drop  across  such  a  resistor  would  be  much 
higher  than  the  voltage  across  a  1  li  resistor.  The  current-limiting  circuit  is  used  to  provide 
short-circuit  protection  without  causing  a  significant  decrease  in  the  regulator  output  voltage. 

21.2.5  One  Final  Note 

The  possibility  of  a  shorted  load  damaging  a  pass-transistor  is  not  the  only  drawback  to  the 
series  regulator.  For  one  thing,  the  fact  that  IL  passes  through  the  pass-transistor  means  that 
this  transistor  dissipates  a  fairly  significant  amount  of  power.  Also,  there  is  a  voltage  drop 
across  the  pass-transistor.  This  voltage  drop  reduces  the  maximum  possible  output  voltage. 

Even  with  its  power  dissipation  and  short-circuit  protection  problems,  the  series  regu¬ 
lator  is  used  more  commonly  than  the  shunt  regulator.  As  you  will  see  in  the  next  section, 
the  shunt  regulator  has  several  problems  that  make  the  series  regulator  the  more  desirable 
of  the  two. 


Section  Review  ► 


1.  Describe  the  basic  pass-transistor  regulator. 

2.  Describe  how  the  pass-transistor  regulator  in  Figure  21.4  responds  to  a  change  in 
load  resistance. 

3.  Explain  how  the  Darlington  pass-transistor  regulator  reduces  the  problem  of  exces¬ 
sive  zener  diode  power  dissipation. 
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4.  Describe  the  response  of  the  series  feedback  regulator  to  a  change  in  load  resistance. 

5.  Describe  the  operation  of  the  current-limiting  circuit  shown  in  Figure  21.8. 

6.  List  the  disadvantages  of  using  series  voltage  regulators. 

7.  How  would  the  circuit  shown  in  Figure  21.4  respond  to  slight  variations  in  line  voltage?  ◄  Critical  Thinking 

8.  How  would  the  circuit  shown  in  Figure  21.7  respond  to  slight  variations  in  line  voltage? 


21.3  Shunt  Voltage  Regulators 


The  most  basic  shunt  regulator  is  the  simple  zener  regulator  we  discussed  in  Chapter  3.  As 
you  know,  this  regulator  wastes  far  too  much  power  for  most  applications  and,  thus,  is 
rarely  used.  In  this  section,  we  will  discuss  the  shunt  feedback  regulator.  As  you  will  see, 
this  regulator  is  similar  to  the  series  feedback  regulator  we  covered  in  the  last  section. 


21.3.1  Shunt  Feedback  Regulator 


The  shunt  feedback  regulator  uses  an  error  detector  to  control  the  conduction  of  a 
shunt  transistor.  This  shunt  transistor  is  shown  as  <2i  in  the  shunt  feedback  regulator  in 
Figure  21.9. 


◄  OBJECTIVE  6 


Shunt  feedback  regulator 

A  circuit  that  uses  an  error 
detector  to  control  the 
conduction  of  a  shunt  transistor. 


The  sample  circuit  is  (once  again)  a  simple  voltage  divider.  The  reference  circuit  is 
made  up  of  D,  and  R\.  The  outputs  from  the  sample  and  reference  circuits  are  applied  to 
the  error  detector,  Q2.  The  output  from  Q2  is  then  used  to  control  the  conduction  of  the 
shunt  transistor,  Q,. 

The  operation  of  the  shunt  feedback  regulator  is  easiest  to  understand  if  we  view  the 
shunt  transistor  (Qx)  as  a  variable  resistor,  Rce.  When  <2i  is  not  conducting,  Rce  is  at  its 
maximum  value.  When  Q\  is  saturated,  Rce  is  at  its  minimum  value.  Thus,  we  can  say  that 
the  value  of  Rce  decreases  with  increases  in  the  conduction  of  Qu  and  vice  versa. 

Under  normal  circumstances,  R3  is  set  so  that  Q2  is  conducting.  Since  lm  =  Ia,  gi  is 
biased  somewhere  in  its  active  region  of  operation.  The  conduction  of  the  two-transistor 
circuit  is  set  so  that  Rce  is  approximately  midway  between  its  two  extremes  in  value. 

If  the  load  resistance  decreases,  VL  starts  to  decrease.  Since  the  voltage  divider  is  in 
parallel  with  the  load,  VB(Q2)  also  decreases.  The  decrease  in  Vh(q2)  reduces  the  conduc¬ 
tion  through  Q2,  thereby  reducing  the  value  of  IB(qd-  This  decrease  in  its  base  current 
causes  Rce  to  increase,  which  increases  the  voltage  at  the  collector  of  Qv  Since  VL  = 
VC(Qi),  the  increase  in  Vc(qI  )  offsets  the  initial  decrease  in  V,  . 

If  RL  increases,  VL  starts  to  increase.  The  increase  in  VL  increases  VBiQ2).  This 
increases  the  conduction  through  Q2,  causing  an  increase  in  I  mod-  The  increase  in  IB(q\) 
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causes  the  shunt  transistor’s  conduction  to  increase,  reducing  the  value  of  Rce.  When  Rce 
decreases,  VC(en  decreases,  offsetting  the  initial  increase  in  VL. 

The  series  resistor  ( Rs )  combines  with  Rce,  the  voltage  divider,  and  the  load  to  form  a 
variable  voltage  divider  that  provides  regulation  control.  In  addition,  Rs  provides  shorted- 
load  protection  for  the  power  supply  circuitry.  Normally,  this  resistor  must  be  a  high- 
wattage  resistor,  since  the  regulator  current  and  IL  must  pass  through  it. 


21.3.2  Overvoltage  Protection 

OBJECTIVE  7  ►  Just  as  the  series  regulator  must  be  protected  against  shorted-load  conditions,  the  shunt 
regulator  must  be  protected  from  input  overvoltage  conditions.  If  the  unregulated 
dc  input  voltage  to  the  regulator  increases,  the  conduction  of  the  shunt  transistor 
increases  to  maintain  the  constant  output  voltage.  Assuming  that  VCE  of  <2i  remains  rela¬ 
tively  constant,  the  increased  conduction  through  the  transistor  causes  an  increase  in  its 
power  dissipation. 

Several  things  can  be  done  to  ensure  that  any  increase  in  unregulated  dc  input  volt¬ 
age  will  not  destroy  the  shunt  transistor.  First,  you  can  use  a  transistor  whose  F0(max) 
rating  is  far  greater  than  the  maximum  power  dissipation  that  would  ever  be  required  in 
the  circuit.  For  example,  assume  that  the  regulator  in  Figure  21.9  has  an  input  voltage 
that  can  go  as  high  as  20  V  and  that  the  regulator  is  designed  to  provide  a  regulated 
10Vdc  output.  The  worst-case  value  of  transistor  current  can  be  approximated  using 


iC(max) 


..  Vin  -  Vdc 


Assuming  that  a  100  ft  resistor  is  used,  7C( max)  is  found  as 


20V  -10V  A 

JcOnax)  —  jqq  ~  10®  111  ^ 

s"V 


Since  the  transistor  is  dropping  10  V  across  its  collector-emitter  terminals,  the  maximum 
power  dissipation  is  found  as 

Pd  =  VC£/C(ltKU)  =  (10  VX100  mA)  =  1  W 

Thus,  for  the  circuit  described,  any  transistor  with  a  Fwfmax)  rating  greater  than  1  W  can 
be  used. 

Of  course,  there  are  always  circumstances  where  the  unregulated  dc  input  voltage  can 
exceed  its  maximum  rated  value.  To  protect  the  circuit  from  such  a  circumstance,  a  crow¬ 
bar  circuit  can  be  added  to  the  input  of  the  regulator.  You  may  recall  (from  Chapter  20) 
that  a  crowbar  is  a  circuit  that  uses  an  SCR  to  protect  its  load  from  an  overvoltage  condi¬ 
tion.  If  a  crowbar  is  added  to  the  regulator  input,  the  circuit  is  protected  from  any  extreme 
input  overvoltage  condition  that  may  arise. 

Another  practical  consideration  involves  the  potentiometer,  R3.  This  potentiometer  is 
included  in  the  circuit  to  provide  an  adjustment  for  the  dc  output  voltage.  Adjusting  R3 
varies  the  condition  of  Qj  and,  thus,  the  value  of  Rce.  Since  Rce  affects  the  value  of  VL, 
varying  R?,  sets  the  value  of  the  regulated  dc  output  voltage. 


21.3.3  One  Final  Note 


OBJECTIVE  8  ► 

Don’t  Forget: 

High-voltage  problems  are 
more  common  than  shorted- 


The  series  voltage  regulator  is  preferred  over  the  shunt  regulator  for  several  reasons. 
The  primary  problem  with  the  shunt  regulator  is  that  a  fairly  significant  portion  of  the 
total  current  through  Rs  passes  through  the  shunt  transistor  rather  than  to  the  load. 
Another  problem  involves  the  voltage  drop  across  Rs  and  the  resulting  power  dissipa¬ 
tion.  Finally,  an  input  overvoltage  condition  is  far  more  likely  to  occur  than  a  shorted- 
load  condition.  In  other  words,  the  fault  that  can  damage  the  shunt  regulator  is  more 
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likely  to  occur  than  the  fault  that  can  damage  the  series  regulator.  When  you  consider 
all  these  drawbacks,  it  is  easy  to  understand  why  the  series  regulator  is  preferred  over 
the  shunt  regulator. 


1.  Describe  the  response  of  the  shunt  feedback  regulator  to  a  decrease  in  load  resistance.  ◄  Section  Review 

2.  Describe  the  response  of  the  shunt  feedback  regulator  to  an  increase  in  load  resistance. 

3.  Explain  how  an  input  overvoltage  condition  can  destroy  the  shunt  transistor  in  a 
shunt  feedback  regulator. 

4.  Discuss  the  means  by  which  a  shunt  regulator  can  be  protected  from  an  input  over¬ 
voltage  problem. 

5.  Why  are  series  regulators  preferred  over  shunt  regulators? 

6.  Which  of  the  transistors  in  Figure  21.9  requires  a  higher  power  dissipation  rating  ◄  Critical  Thinking 
than  the  other?  Why? 


21.4  Linear  IC  Voltage  Regulators 


A  linear  IC  voltage  regulator  is  a  device  used  to  hold  the  output  voltage  from  a  dc 
power  supply  relatively  constant  over  a  specified  range  of  line  and  load  variations.  Most 
of  the  commonly  used  IC  voltage  regulators  are  three-terminal  devices,  though  some 
types  require  more  than  three  terminals.  The  schematic  symbol  for  a  three-terminal  regu¬ 
lator  is  shown  in  Figure  21.10. 


IC  voltage  regulator 


◄  OBJECTIVES 
Linear  IC  voltage  regulator 

A  device  used  to  hold  the 
output  voltage  from  a  dc  power 
supply  relatively  constant  over 
a  specified  range  of  line  and 
load  variations. _ 


FIGURE  21.10  Schematic  symbol  for  a  three-terminal  regulator. 


There  are  basically  four  types  of  IC  voltage  regulators:  fixed  positive,  fixed  negative, 
adjustable,  and  dual  tracking.  The  fixed-positive  and  fixed-negative  IC  voltage  regula¬ 
tors  are  designed  to  provide  specific  output  voltages.  For  example,  the  LM309  (fixed  posi¬ 
tive)  provides  a  +5  V  output  (as  long  as  the  regulator  input  voltages  and  load  demand 
stay  within  their  specified  ranges).  The  adjustable  regulator  can  be  adjusted  to  provide 
any  dc  output  voltage  within  its  two  specified  limits.  For  example,  the  LM317L  output 
can  be  adjusted  to  any  value  between  its  limits  of  +1.2  and  +37  V.  Both  positive  and 
negative  variable  regulators  are  available.  The  dual-tracking  regulator  provides  equal 
positive  and  negative  output  voltages.  For  example,  the  RC4195  provides  outputs  of  + 15 
and  -15  V.  Adjustable  dual-tracking  regulators  are  also  available.  These  regulators  have 
outputs  that  can  be  varied  between  their  two  rated  limits.  A  single  control  varies  both 
outputs  so  that  they  are  always  equal  in  magnitude.  For  example,  if  an  adjustable  dual¬ 
tracking  regulator  is  adjusted  for  a  positive  output  of  +2  V,  the  negative  output  is  auto¬ 
matically  adjusted  to  —2  V. 

Regardless  of  the  type  of  linear  regulator  used,  the  regulator  input  polarity  must  match 
the  device’s  rated  output  polarity.  In  other  words,  positive  regulators  must  have  positive 
input  voltages,  and  negative  regulators  must  have  negative  input  voltages.  Dual-tracking 
regulators  require  both  positive  and  negative  input  voltages. 

IC  voltage  regulators  are  series  regulators.  They  contain  internal  pass-transistors  and 
transistor  control  components.  Generally,  the  internal  circuitry  of  an  IC  voltage  regulator 
resembles  that  of  the  series  feedback  regulator. 


Fixed-positive  regulator 
A  regulator  with  a 
predetermined  +  V  output. 

Fixed-negative  regulator 

A  regulator  with  a 
predetermined  —  V  output. 

Adjustable  regulator 

A  regulator  whose  output 
voltage  can  be  set  to  any  value 
within  specified  limits. 
Dual-tracking  regulator 
A  regulator  that  provides  equal 
+  V  and  -  V  outputs. 
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21.4.1  IC  Regulator  Specifications 


OBJECTIVE  10  ► 

Input /output  voltage 
differential 

The  maximum  allowable 
difference  between  and 
I  for  an  IC  voltage  regulator. 


For  our  discussion  on  common  IC  regulator  specifications,  we’ll  use  the  spec  sheet  for 
the  LM317L  voltage  regulator.  As  was  stated  earlier,  this  device  is  an  adjustable  regulator 
whose  output  can  be  varied  between  +1.2  and  +37  V.  The  spec  sheet  for  the  LM317L  is 
shown  in  Figure  21.1 1. 

The  input/output  voltage  differential  rating  (which  is  listed  in  the  absolute  maxi¬ 
mum  ratings  section  of  the  spec  sheet)  indicates  the  maximum  difference  between  Vin  and 
Vout  that  can  occur  without  damaging  the  device.  For  the  LM317L,  this  rating  is  40  V.  The 


LM317L 


Absolute  Maximum  Ratings 


IUST*' 

j 

Input-Output  Voltage  Differential 

Vl -Vo 

40 

V 

Power  Dissipation 

PD 

Internally  limited 

w 

Operating  Junction  Temperature  Range 

Tj 

0  -  +125 

°c 

Storage  Temperature  Range 

tstg 

-65  -+125 

°c 

Electrical  Characteristics 

(V|  -  Vo  =  5V,  lo  =  40mA,  0°C  <  Tj  <  +125°C,  PDMAX  =  625mW,  unless  otherwise  specified) 


r* 

Min. 

Typ. 

Max: 

Unit 

•Line  Regulation 

Rline 

<> 
IA  II 

1  A 

<  o 

o 

IA 

o 

< 

0.01 

0.04 

%/v 

3V < V|  -Vo  < 40V 

"Load  Regulation 

Rload 

Ta  =  +25“C 

10mA  2  lo  Si  00mA 

VO  <5V 

Vo  >5V 

mV 
%/  Vo 

10mA  <  los  100mA 

Vo  <5V 

Vo  >5V 

■ 

mV 
%/  VO 

Adjustment  Pin  Current 

lADJ 

- 

- 

pA 

Adjustment  Pin  Current  Change 

AlADJ 

3V  <  V|  -  Vo  <  40V 

10mA  <  lo  £  100mA 

PD  <  PDMAX 

■ 

0.2 

B 

pA 

Reference  Voltage 

Vref 

3V  <  Vi  -  Vo  <40V 

10mA  <  lo  <100mA 

PD  <  PDMAX 

Q 

1.25 

1.30 

V 

Temperature  Stability 

STt 

- 

- 

0.7 

- 

% 

Minimum  Load  Current  to 

Maintain  Regulation 

Il(min) 

V|  -  Vo  =  40V 

■ 

3.5 

10 

mA 

Maximum  output  Current 

lO(MAX) 

V|  -  Vo  <  15V,  Pd  <  PDMAX 

100 

200 

m 

V|  -  Vo  <  40V 

Pd  <  PDMAX,  Ta  =  +25°c 

25 

50 

RMS  Noise,  %  of  Vout 

eN 

Ta  =+  25°c,  1 0Hz  <  f  <1  OKHz 

- 

0.003 

%/V  O 

Ripple  Rejection 

RR 

Vo  =  10V,  f=  120Hz 
without  CaDJ 

CaDJ  =  10uF 

66 

65 

80 

dB 

Long-Term  Stability 

ST 

Tj  =  +125  °C,  1000  Hours 

- 

0.3 

- 

% 

FIGURE  21.11 


Load  and  Line  regulation  are  specified  at  constant  junction  temperature.  Change  in  Vo  due  to  heating  effects  must  be  taken 
into  account  separately.  Pulse  testing  with  low  duty  cycle  is  used. 

LM317L  specification  sheet.  (Courtesy  of  Fairchild  Semiconductor). 
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differential  voltage  rating  can  be  used  to  determine  the  maximum  allowable  value  of  Vm 
as  follows: 

-  Wj,  Vd  (21.7) 

where  Vin(max)  =  the  maximum  allowable  unrectified  dc  input  voltage 
Vout(adj)  =  the  adjusted  output  voltage  of  the  regulator 

Vd  =  the  input/output  voltage  differential  rating  of  the  regulator 


EXAMPLE  21.3 

The  LM317L  is  adjusted  to  provide  a  +8  V  regulated  output.  Determine  its  maxi¬ 
mum  allowable  input  voltage. 

Solution:  With  a  Vd  rating  of  40  V,  the  maximum  allowable  value  of  Vin  is  found  as 
“  Vout(adj)  +  Vd=8V  +  40V  =  48  V 


Practice  Problem  21.3 

An  adjustable  IC  voltage  regulator  has  a  Vd  rating  of  32  V.  Determine  its  maximum 
allowable  input  voltage  when  it  is  adjusted  for  a  +6  V  output. 


The  line  regulation  rating  of  the  LM317L  is  0.04%/V  (maximum).  This  rating  is  mea¬ 
sured  under  the  following  conditions:  TA  =  25°C  and  3  V  S  Vin  -  Vout  =£  40  V.  This 
means  that  the  difference  between  the  input  and  output  voltages  can  be  no  less  than  3  V 
and  no  greater  than  40  V.  For  example,  if  we  set  the  LM317L  for  a  +10  V  output,  the 
input  voltage  to  the  device  must  be  between  + 13  and  +50  V.  As  long  as  these  conditions 
are  met,  the  output  will  vary  by  no  more  than  10  V  X  0.04%  =  4  mV. 

The  load  regulation  rating  for  the  LM317L  depends  on  whether  the  device  is  oper¬ 
ated  for  a  Vout  less  than  or  greater  than  +5  V.  If  Vout  is  less  than  +5  V,  the  output  volt¬ 
age  will  not  vary  by  more  than  25  mV  when  the  load  current  is  varied  within  the  given 
range  of  values.  If  the  output  voltage  is  set  to  a  value  greater  than  (or  equal  to)  +5  V, 
the  same  change  in  load  current  will  cause  a  maximum  output  voltage  change  of  0.5%. 
Note  that  the  rated  range  of  output  currents  for  the  device  is  10  mA  to  approximately 
100  mA. 

The  minimum  load  current  rating  indicates  the  minimum  allowable  load  current 
demand  for  the  regulator.  For  the  LM317L,  this  rating  is  10  mA.  If  the  load  current  drops 
below  10  mA  (such  as  when  the  load  is  open),  regulation  of  the  output  voltage  is  lost. 

The  ripple  rejection  ratio  is  the  ability  of  the  regulator  to  block  any  ripple  voltage  at 
its  input.  For  the  LM317L,  any  input  ripple  is  reduced  by  65  dB  at  the  output.  Using  the 
decibel  conversion  process  discussed  in  Chapter  8,  we  find  that  any  input  ripple  is 
reduced  by  a  factor  of  approximately  1780  by  the  regulator. 


Minimum  load  current 

The  value  of  1L  below  which 
regulation  is  lost. 

Ripple  rejection  ratio 
The  ratio  of  regulator  input 
ripple  to  maximum  output 
ripple. 


21.4.2  Output  Voltage  Adjustment 

The  output  voltage  of  the  LM317L  is  adjusted  using  a  voltage  divider,  as  shown  in  Figure 
21.12.  The  complete  LM317  spec  sheet  (not  shown)  contains  the  following  equation  for 
determining  the  dc  output  voltage  of  the  circuit: 


(21.8) 


where  Vdc  is  the  regulated  dc  output  voltage  of  the  regulator.  Example  21.4  shows  how 
equation  (21.8)  is  used  to  determine  the  regulated  dc  output  voltage  for  an  LM317L  regu¬ 
lator  circuit. 
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LM317L 


Lab  Reference:  The  operation  of 
an  LM3 17  regulator  is 
demonstrated  in  Exercise  36. 


GND  in 
Figure  21.10. 

FIGURE  21.12  An  LM317L  voltage-adjust  circuit. 


EXAMPLE  21.4 _ 

R2  in  Figure  21.13  is  adjusted  to  2.4  kft.  Determine  the  regulated  dc  output  voltage 
for  the  circuit. 


Lab  Reference:  The  operation 
of  an  LM317-regulated  power 
supply  (like  the  one  represented  in 
Figure  21.13)  is  demonstrated  in 
Exercise  37.  _ 


FIGURE  21.13  LM317L  circuit  connections. 


Solution:  The  regulated  dc  output  voltage  is  found  as 


v*  -  1.25(J  4.  .)  -  >.25(^f  4  l)  -  (1.25X11)  -  13.75V 


Practice  Problem  21.4 

R2  in  Figure  21.13  is  adjusted  to  1.68  kfl.  Determine  the  regulated  dc  output  volt¬ 
age  for  the  LM317L. 


Note  that  the  output  voltage  equation  for  a  given  adjustable  regulator  is  always  pro¬ 
vided  on  its  spec  sheet. 

Figure  21.13  shows  two  shunt  capacitors  connected  to  the  regulator  input  and  output  pins. 
The  input  capacitor  is  used  to  prevent  the  input  ripple  from  driving  the  regulator  into  self¬ 
oscillations.  The  output  capacitor  is  used  to  improve  the  ripple  reduction  of  the  regulator. 


21.4.3  Linear  IC  Regulator  Applications:  A  Complete 
Dual-Polarity  Power  Supply 

Figure  21.14  shows  a  complete  dual-polarity  power  supply.  The  circuit  uses  matched 
fixed-positive  and  fixed-negative  regulators  to  provide  equal  +  Vdc  and  —  Vdc  outputs. 

As  shown  in  Figure  21.14,  the  bridge  rectifier  is  connected  to  a  center-tapped  trans¬ 
former.  When  connected  in  this  fashion,  the  bridge  acts  as  two  separate  full-wave  recti- 
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Fixed-negative 

FIGURE  21.14  Complete  dual-polarity  power  supply. 


fiers.  The  diodes  on  the  left  form  a  negative  full-wave  rectifier,  while  the  diodes  on  the 
right  form  a  positive  full-wave  rectifier.  The  rectifier  is  wired  in  this  fashion  to  prevent  an 
imbalance  from  being  caused  when  the  load  demands  differ  from  each  other.  For  example, 
if  the  load  demand  on  the  positive  regulator  increases,  the  center-tapped  transformer  pro¬ 
vides  a  path  for  this  current.  (Otherwise,  the  current  would  be  drawn  through  the  ground 
connection  of  the  negative  regulator,  causing  an  imbalance  in  the  power  supply  output.) 

Capacitors  C\  and  C2  are  filter  capacitors.  These  capacitors  have  values  in  the  mid-  to 
high-microfarad  range.  Capacitors  C3  and  C4  are  the  regulator  input  shunt  capacitors,  typi¬ 
cally  less  than  1  p,F  in  value.  Capacitors  Cs  and  C6  are  output  ripple  reduction  capacitors 
and  have  values  in  the  neighborhood  of  1  |xF. 


21.4.4  Circuit  Variations 

Figure  21.15  shows  how  a  pnp  pass-transistor  can  be  added  in  parallel  with  an  1C  voltage 
regulator  to  increase  the  maximum  possible  output  current.  The  value  of  Rs  in  the  circuit 
is  selected  to  bias  <2i  °n  as  follows: 

(21.9) 


where  Im  is  the  regulator  input  current.  With  Q,  on,  an  increase  in  load  current  demand 
(above  the  capability  of  the  regulator  output)  results  in  increased  Q,  conduction.  This  pro¬ 
vides  the  needed  load  current. 

As  is  the  case  with  any  series  regulator,  the  pass-transistor  in  Figure  21.15  may  be 
damaged  or  destroyed  if  the  load  demand  exceeds  the  current  capability  of  the  compo¬ 
nent.  To  protect  the  pass-transistor  from  excessive  load  current  demand,  a  current- 
limiting  circuit  (Q2  and  RS2)  can  be  added  as  shown  in  Figure  21.16.  Note  that  this  cir¬ 
cuit  limits  the  load  current  in  the  same  fashion  as  the  current-limiting  circuit  shown  in 
Figure  21.8. 
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FIGURE  21.16  A  complete  linear  IC  voltage  regulator. 


21.4.5  One  Final  Note 

Linear  IC  voltage  regulators  are  extremely  common.  While  we  cannot  possibly  hope  to 
cover  the  operation  of  every  type  of  IC  voltage  regulator,  you  should  be  able  to  deal  with 
common  IC  voltage  regulators.  The  characteristics  of  IC  voltage  regulators  are  summa¬ 
rized  for  you  in  Figure  21.17. 


(Note:  The  GND  pin  may 
be  labeled  ADJ.) 


Fixed-positive:" ,  •  Provides  a  predetermined  (set)  positive 
dc  output  voltage. 

Fixed-negative:  Provides  a  predetermined  (set)  negative 

A'  -V;;' “-'T  ;  '  .  dc  output  voltage. 

Adjustable:  Provides  any  dp  output  voltage  that  falls 

•  ’■>  within  its  rated  limits.  The  value  of  V& 

is  normally  set  using  a  voltage-divider 
circuit  like  the  one  in  Figure  21 . 1 2. 

Dual-tracking:  Provides  equal  +  and  -1/*  outputs  that 

are  usually  adjustable  within  a  set  range 
-  .  of  limits. 

•  The  14,  polarity  must  match  the  rated  output  polarity  of  the 
regulator.  Dual  input  polarities  must  be  supplied  for  <MJ- :  ■ :  ■ 
tracking  regulators. 

•An  input  shunt  capacitor  Is  required  to  prevent  osciltaUons. 

•An  output  shunt  capacitor  may  be  used  to  improve  ripple 

-■  .  '-I 

rejection. 

•  The  input  voltage  and  load  current  values  must  remain  within 
the  limits  pr^Sjed  on  the  regulator  spec  sheet.  Load  current 
capability  can  be  increased  using  the  circuits  in  Figure  21 . 1 5 
aid  Figure  21-16. 


FIGURE  21.17 
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◄  Section  Review 


1.  What  is  an  IC  voltage  regulator? 

2.  List  and  describe  the  four  types  of  IC  voltage  regulators. 

3.  What  input  polarity  (or  polarities)  is  required  for  each  type  of  voltage  regulator? 

4.  What  is  the  input  /output  differential  rating? 

5.  What  is  the  minimum  load  current  rating? 

6.  What  is  the  ripple  rejection  ratio  rating? 

7.  What  type  of  circuit  is  normally  used  to  provide  the  adjustment  of  the  dc  output  volt¬ 
age  from  an  adjustable  regulator? 

8.  Where  can  you  find  the  Vdc  equation  for  a  given  adjustable  regulator? 

9.  What  purpose  is  served  by  the  circuit  shown  in  Figure  21.15? 

10.  Why  does  the  circuit  shown  in  Figure  21.15  need  to  be  modified  as  shown  in  Figure 
21.16? 


21.5  Switching  Regulators 


There  are  two  fundamental  types  of  voltage  regulators:  linear  regulators  and  switching  ◄  OBJECTIVE  11 
regulators.  The  basic  block  diagram  for  each  type  of  regulator  is  shown  in  Figure  21.18. 

The  linear  regulator  is  designed  to  provide  a  continuous  path  for  current  between  the 
regulator  input  and  the  load.  For  example,  the  linear  regulator  in  Figure  21.18a  contains  a 
pass-transistor  (Q  t )  that  is  always  conducting.  All  the  regulators  we  have  covered  up  to 
this  point  have  been  linear  regulators. 


(a)  A  series-linear  regulator 


(b)  A  series-switching  regulator 
FIGURE  21.18  Typical  linear  and  switching  regulators. 
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The  switching  regulator  is  designed  so  that  the  current  path  between  the  regulator 
input  and  the  load  is  not  continuous.  For  example,  the  switching  regulator  in  Figure 
21.18b  contains  a  pass-transistor  (Q{)  that  is  rapidly  switched  back  and  forth  between 
saturation  and  cutoff.  Note  that  the  pass-transistor  in  a  series  switching  regulator  is  often 
referred  to  as  a  power  switch. 

When  saturated,  the  power  switch  provides  a  current  path  between  the  regulator’s 
input  and  output.  When  in  cutoff,  the  power  switch  breaks  the  conduction  path  between 
the  input  and  the  load.  As  you  will  see  later  in  this  section,  this  circuit  action  results  in: 

1.  Higher  regulator  efficiency. 

2.  Higher  regulator  power-handling  capability. 

21.5.1  Switching  Regulator  Operation 

OBJECTIVE  12  ►  The  basic  switching  regulator  in  Figure  2 1 . 1 9  is  divided  into  four  circuit  groups. 

■  The  switch  driver  consists  of  an  oscillator  and  a  gated  latch. 

■  The  power  switch  is  the  series  (pass)  transistor. 

■  The  clipper  and  filter  consists  of  D\,  Lu  and  C\. 

■  The  control  circuit  (not  labeled)  contains  the  remaining  components:  Ru  R2,  the 
comparator,  and  the  reference  circuit. 


Power  switch 

A  term  used  to  describe  the 
pass-transistor  in  a  switching 
regulator. 


FIGURE  21.19 


The  control  circuit  is  used  to  control  the  output  from  the  switch  driver.  When  it  senses  a 
change  in  the  load  voltage,  the  control  circuit  sends  a  signal  to  the  switch  driver.  This  sig¬ 
nal  causes  the  output  from  the  switch  driver  to  vary  according  to  the  type  of  change  that 
has  occurred.  For  example,  the  control  circuit  responds  to  a  decrease  in  load  voltage  by 
directing  the  switch  driver  to  increase  conduction  through  the  power  switch.  Likewise,  an 
increase  in  load  voltage  results  in  the  switch  driver  decreasing  conduction  through  the 
power  switch.  In  either  case,  the  load  voltage  is  returned  to  its  proper  value. 

The  switch  driver  contains  an  oscillator  and  a  gated  latch.  The  output  from  the  oscilla¬ 
tor  is  fixed  and  constant.  It  is  the  gated  latch  that  controls  the  conduction  of  the  power 
switch.  The  gated  latch  accepts  inputs  from  the  oscillator  and  the  control  circuit.  These 
two  inputs  are  then  combined  in  such  a  way  as  to  produce  a  driving  signal  that  either 
increases  or  decreases  conduction  through  the  power  switch.  (We  will  discuss  the  meth¬ 
ods  used  to  produce  the  driving  signal  more  thoroughly  later  in  this  section.) 
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Since  the  power  switch  is  constantly  changing  output  states,  the  voltage  at  its  emitter 
is  (more  or  less)  a  rectangular  waveform.  The  filter  and  clipper  circuit  is  designed  to 
respond  to  this  waveform  as  follows: 

1.  The  capacitor  opposes  any  change  in  voltage  and,  therefore,  keeps  the  load  voltage 
relatively  constant. 

2.  The  inductor  opposes  any  change  in  current  and,  therefore,  keeps  the  load  current 
relatively  constant. 

3.  The  diode  clips  the  counter  emf  produced  by  the  LC  circuit  response  to  a  rectangu¬ 
lar  input.  In  other  words,  it  provides  transient  protection.  (You  were  first  introduced 
to  this  application  in  Chapter  4.) 

Now,  let’s  take  a  look  at  the  overall  response  of  the  regulator  to  a  change  in  load  ◄  OBJECTIVE  13 
demand.  Assume  for  a  moment  that  the  circuit  experiences  an  increased  load.  When  a 
regulator  load  is  increased,  Vout  starts  to  decrease.  The  decrease  in  Vout  causes  +V2  in  the 
control  circuit  to  decrease.  This,  in  turn,  causes  the  voltage  at  the  comparator  output  to 
decrease.  The  decreased  output  from  the  control  circuit  signals  the  switch  driver  to 
increase  the  conduction  of  the  power  switch.  The  increased  power  switch  conduction 
returns  VoUt  to  its  normal  value. 

When  the  circuit  experiences  a  decreased  load ,  the  results  are  the  opposite  of  those 
just  given.  A  decreased  load  demand  causes  the  output  voltage  to  increase.  The  increase 
in  output  voltage  causes  +  V2  in  the  control  circuit  to  increase.  This  increase  leads  to  an 
increase  in  the  output  from  the  control  circuit.  The  increased  output  from  the  control  cir¬ 
cuit  signals  the  switch  driver  to  decrease  the  conduction  of  the  power  switch.  The 
decrease  in  power  switch  conduction  returns  Vout  to  its  normal  value. 

At  this  point,  you  should  have  a  pretty  good  idea  of  how  the  switching  regulator  in  Fig¬ 
ure  21.19  operates.  To  complete  the  picture,  we  need  to  take  a  closer  look  at  the  operation 
of  the  switch  driver  and  the  means  by  which  it  controls  the  conduction  of  the  power  switch. 


Remember: 

The  term  increased  load  means 
that  the  load  current  demand 
has  inet^se{i;tta;;is,:,#6;ted,: 


21.5.2  Controlling  Power  Switch  Conduction 


As  you  know,  the  power  switch  is  constantly  driven  back  and  forth  between  saturation 
and  cutoff.  When  saturated,  the  transistor  couples  Vin  to  the  load.  When  in  cutoff,  the 
transistor  isolates  the  load  from  the  input. 

The  average  (dc)  value  of  the  waveform  produced  at  the  emitter  of  the  power  switch 
can  be  found  as 


(21.10) 


where  Ton  =  the  time  that  the  transistor  spends  in  saturation  (per  cycle) 
T„ff  =  the  time  that  the  transistor  spends  in  cutoff  (per  cycle) 

Example  21.5  demonstrates  the  use  of  this  equation. 


◄  OBJECTIVE  14 


The  fraction  in  equation 
(21.10)  is  the  duty  cycle  of  the 
waveform  (written  as  a  ratio 
rather  than  a  percentage). 
Iheietore,  die  ax  i  rjg  \uluj 


EXAMPLE  21.5 _ 

The  regulator  shown  in  Figure  21. 19  has  the  following  values:  Vin  =  24  V,  Ton  =  5  |xs, 
and  Toff  =  10  |xs.  Calculate  the  dc  average  of  the  load  voltage. 

Solution:  Using  the  values  given,  the  average  (dc)  load  voltage  can  be  found  as 


Practice  Problem  21.5 

A  regulator  like  the  one  shown  in  Figure  21.19  has  the  following  values:  Vin  =  36  V, 
Ton  =  6  |xs,  and  Toff  =  9  |is.  Calculate  the  value  of  Vave  for  the  circuit. 


Section  21.5 


Switching  Regulators 
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Equation  (21.10)  is  important  because  it  demonstrates  that  the  average  output  voltage 
from  a  switching  regulator  can  be  controlled  by  varying  the  conduction  of  the  power 
switch.  At  this  point,  we  will  take  a  look  at  two  methods  commonly  used  to  control  the 
conduction  of  the  power  switch  and,  thus,  the  output  from  the  switching  regulator. 


21.5.3  Pulse-Width  Modulation  (PWM) 


Pulse-width  modulation 
(PWM) 

Using  a  signal  to  vary  the  pulse 
width  of  a  rectangular  wave 
without  affecting  its  cycle  time. 


One  method  commonly  used  to  control  the  conduction  of  the  power  switch  (and,  there¬ 
fore,  the  average  emitter  voltage)  is  referred  to  as  pulse-width  modulation,  or  PWM. 
In  a  PWM  system,  a  signal  is  used  to  vary  the  pulse  width  of  a  rectangular  waveform 
while  not  affecting  its  total  cycle  time. 

The  control  circuit  shown  in  Figure  21.20a  is  designed  to  provide  PWM  for  the  power 
switch.  The  oscillator  in  this  circuit  generates  a  triangular  waveform  (Vu).  The  error  volt¬ 
age  (Terror)  is  a  dc  voltage  that  varies  directly  with  the  input  to  the  control  circuit.  The 
gated  latch  (which  actually  performs  the  modulation)  produces  a  high  output  whenever 
the  following  relationship  is  fulfilled: 


v  v 

v  o  "  error 

For  example,  take  a  look  at  the  first  set  of  waveforms  in  Figure  21.20b.  As  you  can  see, 
the  control  voltage  ( Vc)  goes  high  as  V0  increases  beyond  the  value  of  Terror-  Then,  as  Va 
drops  below  the  value  of  TeiTor,  the  control  voltage  drops  back  to  0  V.  Note  that  the  control 
voltage  shown  is  nearly  a  square  wave. 

Now,  take  a  look  at  the  second  set  of  waveforms  in  the  figure.  If  you  compare  the  volt¬ 
ages  shown  to  those  in  the  first  set  of  waveforms,  you’ll  see  that: 

1.  The  error  voltage  has  increased  in  value. 

2.  The  pulse  width  (Ton)  of  the  control  voltage  has  decreased  significantly. 

3.  The  total  cycle  time  ( Ton  +  Toff )  has  not  changed. 


FIGURE  21.20  Pulse-width  modulation  (PWM). 
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Since  the  value  of  Ton  has  decreased,  the  average  value  of  Vc  has  also  decreased.  Like¬ 
wise,  a  decrease  in  the  error  voltage  causes  an  increase  in  the  value  of  Vc.  This  is  how 
PWM  (as  it  applies  to  switching  regulators)  works. 


21.5.4  Variable  Off -Time  Modulation 


Another  method  commonly  used  to  control  the  conduction  of  a  power  switch  is  illustrated 
in  Figure  21.21.  In  this  circuit,  the  pulse  width  of  the  control  voltage  is  fixed  and  the  total 
cycle  time  is  variable.  The  gated  latch  in  this  circuit  accepts  inputs  from  the  error  detector 
and  an  astable  multivibrator.  As  long  as  the  error  voltage  is  high,  the  square  wave  output 
from  the  oscillator  is  gated  to  the  power  switch.  When  the  error  voltage  goes  low,  the  out¬ 
put  from  the  oscillator  is  blocked. 


Variable  off-time  modulation 

Using  a  signal  to  vary  the  cycle 
time  of  a  rectangular  wave 
without  affecting  its  pulse 
width. 


1 
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FIGURE  21.21  Variable  off-time  modulation. 


Tin  ~t~n\ 


(b) 


The  effect  that  the  error  voltage  has  on  the  cycle  time  of  Vc  is  shown  in  Figure 
21.21b.  The  pulse  width  (Tlm)  has  not  changed  from  the  first  highlighted  waveform  to  the 
second.  However,  the  total  cycle  time  (Ton  +  Ta ff)  of  the  second  waveform  has  been 
altered  by  the  Verror  input.  As  the  total  cycle  time  varies,  so  does  the  average  output  from 
the  power  switch.  Again,  the  average  output  voltage  from  the  regulator  is  controlled. 


21.5.5  Switching  Regulator  Configurations 

One  of  the  advantages  of  using  a  switching  regulator  is  that  it  can  be  designed  in  a  variety  ◄  OBJECTIVE  15 
of  configurations.  So  far,  we  have  discussed  only  the  step-down  regulator.  This  configu¬ 
ration,  which  is  represented  in  Figure  21.22a,  produces  a  dc  load  voltage  that  is  less  than 
(or  equal  to)  the  rectified  input  voltage. 


Step-down  regulator 

A  regulator  where  Vou,  <  Vin. 
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FIGURE  21.22  Basic  switching  regulator  configurations. 


Step-up  regulator 

A  regulator  where  V0,lt  a  Vin. 


Voltage-inverting  regulator 
A  regulator  that  reverses  the 
polarity  of  its  regulated  dc 
input. 


By  modifying  the  basic  configuration  shown  in  Figure  21.22b,  we  obtain  a  step-up 
regulator.  As  you  can  see,  the  power  switch  is  now  a  shunt  component,  and  the  inductor 
is  placed  directly  in  series  with  the  input  source  (Vin). 

The  step-up  switching  regulator  can  provide  output  voltages  greater  than  the  rectified 
value  of  Vin.  This  is  made  possible  by  the  positioning  of  the  inductor  (Lx).  In  a  nutshell, 
here  is  how  it  works:  During  the  on-time  of  the  transistor,  the  current  drawn  through  Lx 
causes  an  induced  voltage  to  be  developed  across  its  terminals.  This  voltage  adds  to  the 
value  of  V'n,  making  it  possible  for  the  output  voltage  to  be  greater  than  the  input  voltage. 

The  voltage-inverting  regulator  shown  in  Figure  21.22c  reverses  the  polarity  of  the 
rectified  input  voltage.  For  example,  with  a  rectified  input  voltage  of  +7  V,  the  regulator 
in  Figure  21.22c  could  be  designed  to  be  any  negative  value  less  than,  equal  to,  or  greater 
than  -7  V  (within  limits).  Note  the  series  power  switch  and  shunt  inductor  connections 
characteristic  of  this  configuration. 

Several  points  should  be  made  regarding  the  configurations  represented  in  Figure 
21.22.  First,  the  control  and  switch  driver  circuits  have  been  lumped  into  a  single  block 
for  simplicity.  While  the  control  and  switch  driver  circuits  may  vary  from  one  switching 
regulator  to  another,  you  should  be  able  to  determine  the  type  of  regulator  you’re  dealing 
with  by  noting  the  position  of  the  power  switch  as  follows: 

I.  If  the  power  switch  is  in  series  with  the  input  and  the  inductor,  it  is  a  step-down 
regulator. 
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2.  If  the  power  switch  is  a  shunt  component  placed  after  the  inductor,  it  is  a  step-up 
regulator. 

3.  If  the  power  switch  is  in  series  with  the  input  and  the  inductor  is  a  shunt  compo¬ 
nent,  it  is  a  voltage-inverting  regulator. 


Another  important  point  is  that  there  are  no  “cookbook”  equations  to  help  with  the 
analysis  of  these  circuits.  Switching  regulators  are  complex  circuits  that  operate  on  com¬ 
plex  principles.  Just  as  the  component  placement  varies  from  one  switching  regulator  to 
another,  so  do  most  of  the  equations  used  in  circuit  analysis. 

Because  switching  regulators  can  be  designed  for  several  different  input/output  voltage 
relationships,  they  are  sometimes  referred  to  as  dc-to-dc  converters.  As  the  name 
implies,  they  can  effectively  convert  one  rectified  dc  voltage  to  another  value. 

21.5.6  IC  Switching  Regulators 


dc-to-dc  converter 
Another  name  for  a  switching 
voltage  regulator. 


In  many  cases,  the  control  functions  and  power  switching  of  a  switching  regulator  are  ◄  OBJECTIVE  16 
handled  by  a  single  IC.  For  example,  the  MC34063A  is  an  IC  that  contains  the  entire  con¬ 
trol,  switch  drive,  and  power  switch  circuitry.  The  spec  sheet  for  the  MC34063A  is  shown 
in  Figure  21.23.  Note  that  the  transistor  labeled  ( Q{ )  in  the  IC  is  the  power  switch. 


MC34063A,  MC33063A, 
NCV33063A 

1 .5  A,  Step-Up/Down/ 
Inverting  Switching 
Regulators 


The  MC34063A  Series  is  a  monolithic  control  circuit  containing  the 
primary  functions  required  for  DC-to-DC  convertors.  These  devices 
consist  of  an  internal  temperature  conpensated  reference,  comparator, 
controlled  duty  cycle  oscillator  with  an  active  current  limit  circuit,  driver 
and  high  current  output  switch.  This  series  was  specifically  designed 
to  be  incorporated  in  Step-Down  and  Step-Up  and  Voltage-Inverting 
applications  with  a  minimum  number  of  external  components.  Refer 
to  Application  Notes  An920A/D  and  AN954/D  for  additional  design 
information. 
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FIGURE  21.23  The  MC34063A  switching  regulator.  (Copyright  of  Semiconductor 
Component  Industries,  LLC.  Used  by  permission.) 
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If  you  compare  the  internal  circuitry  of  the  MC34063A  to  the  block  diagram  in  Figure 
21. 19,  it  is  easy  to  see  that  the  IC  contains  the  control,  driver,  and  power  switch  circuitry.  The 
control  circuit  consists  of  the  1.25  V  reference  regulator  and  the  comparator.  The  control  cir¬ 
cuit  for  this  IC  is  used  to  provide  variable  off-time  modulation  of  the  oscillator  output. 

The  MC34063A  can  be  used  in  any  standard  switching  regulator  configuration.  For 
example,  the  circuit  shown  in  Figure  21.24  is  an  IC-based  step-down  regulator.  This  par¬ 
ticular  circuit  was  designed  to  produce  a  5  V/500  mA  output  with  a  25  V  rectified  input. 
Note  the  positioning  of  the  power  switch  and  the  inductor.  This  is  characteristic  of  a  step- 
down  regulator.  Also,  note  the  excellent  efficiency  rating  of  this  circuit. 


i.o  mH 


Optional  Filter 


Test 

■:  ■ 

CowWtons  Result®  , 

Line  Regulation 

Vjn  =  15  V  to  25  V,  l0  =  500mA 

12  mV  =  ±0.12% 

Load  Regulation 

Vin  =  25  V,  l0  =  50mA  to  500  mA 

12  mV  =  ±0.12% 

Output  Ripple 

Vin  =  25  V,  l0  =  500mA 

120  mVpp 

Short  Circuit  Current 

Vin  =  25  V,  Rt  =  0.1  fi 

1.1  A 

Efficiency 

Vm  =  25  V,  l0  =  500mA 

83.7% 

Out  Ripple  With  Optional  Filter 

Vin  =  25  V,  l0  =  500mA 

40  mVpp 

FIGURE  21.24  An  MC34063A-based  step-down  regulator.  (Copyright  of  Semiconductor 
Component  Industries,  LLC.  Used  by  permission.) 

21.5.7  Switching  Regulators:  Advantages  and  Disadvantages 

OBJECTIVE  17  ►  As  Figure  21.24  indicates,  one  of  the  primary  advantages  that  switching  regulators  have 
over  linear  regulators  is  higher  efficiency.  While  linear  regulators  are  generally  limited  to 
efficiency  ratings  below  60%,  switching  regulators  can  easily  achieve  ratings  of  90%.  The 
higher  efficiency  of  the  switching  regulator  is  due  to  the  fact  that  the  power  switch  is  usu¬ 
ally  in  either  saturation  or  cutoff.  In  either  of  these  operating  states,  the  component  dissi¬ 
pates  very  little  power.  In  contrast,  the  pass-transistor  in  a  linear  regulator  is  usually  oper¬ 
ating  within  its  active  region.  This  causes  the  transistor  to  dissipate  a  relatively  high 
amount  of  power,  dropping  its  efficiency  rating. 

The  power  characteristics  of  switching  regulators  lead  us  to  another  advantage.  Since 
the  power  switch  dissipates  very  little  power,  a  switching  regulator  can  actually  be 
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designed  for  output  power  values  that  are  far  greater  than  the  maximum  power  rating  of 
the  power  switch.  For  example,  a  2  W  transistor  could  easily  work  in  a  20  W  switching 
regulator  because  the  transistor  would  not  be  required  to  dissipate  any  significant  amount 
of  power.  The  same  cannot  be  said  for  the  linear  regulator. 

Finally,  switching  regulators  can  be  built  in  a  variety  of  configurations  (as  shown  earlier 
in  this  section).  In  contrast,  linear  regulators  can  be  designed  only  as  step-down  regulators. 

In  spite  of  the  above  advantages,  switching  regulators  do  have  some  distinct  dis¬ 
advantages.  First,  the  operation  of  the  power  switch  and  filter  can  generate  a  very  sig¬ 
nificant  amount  of  noise  that  can  be  transmitted  into  the  surrounding  environment. 
Therefore,  switching  regulators  cannot  be  used  in  any  low-noise  application  unless 
shielding  is  provided. 

Another  disadvantage  is  that  switching  regulators  have  a  longer  transient  response 
time  than  linear  regulators;  that  is,  they  are  slower  to  respond  to  a  change  in  the  load 
demand.  This  is  due  to  the  time  required  for  the  feedback  loop  (the  control  and  drive 
circuits)  to  respond  to  a  change  in  the  error  detection  circuitry. 

Finally,  the  design  of  a  switching  regulator  is  far  more  complex  and  time-consuming  than 
that  of  a  similar  linear  regulator.  This  adds  to  the  production  cost  of  the  switching  regulator. 


21.5.8  Regulator  Applications 

Linear  regulators  are  generally  used  in  low-power  applications.  For  example,  most  digital 
systems  will  have  at  least  one  linear  regulator  for  each  board-level  supply  voltage  required. 
These  supply  voltages  are  generally  not  required  to  handle  a  significant  amount  of  power. 

Switching  regulators  are  generally  used  in  high-power  (above  10  W)  applications. 
They  are  also  used  in  some  lightweight,  battery-operated  units  because  of  their  minimal 
size  requirements  and  dc-to-dc  conversion  capabilities. 


1.  In  terms  of  conduction  characteristics,  what  is  the  primary  difference  between  linear 
regulators  and  switching  regulators? 

2.  List  the  circuits  that  make  up  the  basic  switching  regulator,  and  describe  the  function 
performed  by  each. 

3.  Describe  how  the  switching  regulator  in  Figure  21.19  responds  to  a  change  in  load 
demand. 

4.  Describe  the  relationship  between  the  duty  cycle  of  a  power  switch  and  its  average 
output  voltage. 

5.  Compare  and  contrast  pulse-width  modulation  with  variable  off-time  modulation. 

6.  List  the  circuit  recognition  features  for  each  of  the  switching  regulators  shown  in 
Figure  21.22. 

7.  Why  are  switching  regulators  often  referred  to  as  dc-to-dc  converters ? 

8.  Discuss  the  advantages,  disadvantages,  and  applications  for  linear  and  switching 
regulators. 


Here  is  a  summary  of  the  major  points  made  in  this  chapter: 

1.  The  voltage  regulator  of  a  dc  power  supply  serves  two  purposes: 

a.  It  reduces  the  variations  (ripple)  in  the  filtered  dc. 

b.  It  maintains  a  relatively  constant  output  voltage  despite  minor  changes  in  load 
current  demand  and/or  input  voltage. 

2.  A  zener  regulator  is  rarely  used  because  it  wastes  a  tremendous  amount  of  power. 

3.  Line  regulation  is  a  rating  that  indicates  the  change  in  regulator  output  voltage  that 
occurs  per  unit  change  in  input  voltage. 
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a.  Line  regulation  equals  the  ratio  of  AVout  to  AV),,. 

b.  The  ideal  voltage  regulator  has  a  value  of  AVoul  =  0  V  for  any  value  of  A!/in. 
Therefore,  the  ideal  value  of  line  regulation  is  zero. 

c.  The  commonly  used  line  regulation  units  are  identified  in  Table  21.1. 

4.  Load  regulation  is  a  rating  that  indicates  the  change  in  regulator  output  voltage  per 
unit  change  in  load  current. 

a.  Load  regulation  equals  the  ratio  of  AVoul  to  A IL  (where  AVout  is  the  difference 
between  the  no-load  output  voltage  and  the.  full-load  output  voltage). 

b.  The  ideal  voltage  regulator  has  a  value  of  A  Vout  =  0  V  over  the  full  range  of  load 
current  values.  Therefore,  the  ideal  value  of  load  regulation  is  zero. 

c.  The  commonly  used  load  regulation  units  are  identified  in  Table  21.2. 

5.  Some  manufacturers  combine  the  line  regulation  and  load  regulation  ratings  into  a 
single  regulation  rating. 

a.  This  rating  indicates  the  maximum  change  in  output  voltage  that  can  occur  when 
input  voltage  and  load  current  are  varied  over  their  entire  rated  ranges. 

b.  The  unit  of  measure  used  for  line  and/or  load  regulation  is  often  a  good  indica¬ 
tor  of  the  quality  of  that  regulator.  Generally,  the  lower  the  ratio  in  the  unit  of 
measure,  the  higher  the  quality  of  the  regulator. 

6.  A  series  regulator  is  connected  in  series  with  its  load. 

7.  A  shunt  regulator  is  connected  in  parallel  with  its  load. 

8.  A  pass-transistor  regulator  uses  a  series  transistor  to  regulate  load  voltage.  The 
term  pass-transistor  is  used  because  the  load  current  passes  through  the  series 
transistor. 

9.  The  schematic  of  a  pass-transistor  regulator  is  shown  in  Figure  21 .4. 

a.  The  zener  diode  establishes  the  base  voltage  of  the  pass-transistor. 

b.  Rs  provides  a  path  for  zener  current. 

c.  The  pass-transistor  offsets  a  change  in  load  resistance  by  adjusting  load  current 
(so  that  1lRl  remains  relatively  constant). 

10.  The  Darlington  pass-transistor  regulator  uses  a  Darlington  pair  to  reduce  the 
amount  of  power  dissipated  by  the  zener  diode  (see  Figure  21.5). 

11.  A  series  feedback  regulator  uses  an  error  detection  circuit  to  improve  the  load 
and  line  regulation  characteristics  of  the  pass-transistor  regulator  (see  Figure 
21.6). 

a.  The  error  detector  receives  inputs  from  a  sample  and  adjust  circuit  and  a  reference 
circuit. 

b.  The  error  detector  responds  to  any  difference  between  its  inputs  and  provides  an 
output  that  is  proportional  to  that  difference.  This  output  is  applied  to  the  pass- 
transistor  via  an  error  amplifier. 

12.  The  schematic  of  a  basic  series  feedback  regulator  is  shown  in  Figure  21.7. 

a.  The  voltage  divider  (R3,  R4,  and  R5)  acts  as  the  sample  and  adjust  circuit. 

b.  D\  and  R2  form  the  reference  circuit. 

c.  Q2  and  R\  act  as  both  the  error  detector  and  the  error  amplifier. 

13.  One  weakness  of  a  standard  pass-transistor  regulator  is  the  possibility  of  the  pass- 
transistor  being  destroyed  by  excessive  load  current  if  the  load  is  shorted. 

a.  A  current-limiting  circuit  can  be  added  to  protect  the  circuit  (see  Figure  21.8). 

b.  The  current  through  the  pass-transistor  is  limited  to  VBE/RS. 

14.  A  shunt  feedback  regulator  uses  an  error  detector  to  control  the  conduction  of  a 
shunt  transistor. 

a.  In  Figure  21.9,  the  shunt  transistor  is  Qh 

b.  The  voltage  divider  (R2,  R3.  and  R4)  is  the  sample  and  adjust  circuit. 

c.  D  i  and  R2  form  the  reference  circuit. 

d.  Q2  acts  as  the  error  detector/amplifier. 

15.  Overvoltage  protection  in  the  shunt  feedback  regulator  is  normally  accomplished  by: 

a.  Using  a  shunt  transistor  with  a  higher  PD(max)  rating  than  would  be  required  in  an 
overvoltage  situation. 

b.  Adding  a  crowbar  to  the  regulator  input  circuit.  (Crowbar  circuits  were  intro¬ 
duced  in  Chapter  20.) 


916 


Chapter  21 


Discrete  and  Integrated  Voltage  Regulators 


16.  A  linear  IC  voltage  regulator  is  a  device  used  to  hold  the  output  from  a  dc  power 
supply  relatively  constant  over  a  specified  range  of  line  and  load  variations  (see 
Figure  21.10). 

a.  Most  linear  IC  voltage  regulators  are  three-terminal  series  regulators. 

b.  Fixed-positive  and  fixed-negative  regulators  provide  specific  output  voltages. 

c.  An  adjustable  regulator  can  be  adjusted  to  provide  any  output  between  two  spec¬ 
ified  output  voltage  limits.  These  regulators  may  provide  either  positive  or  nega¬ 
tive  output  voltages. 

d.  A  dual-tracking  regulator  provides  equal-magnitude  positive  and  negative  output 
voltages.  These  regulators  may  be  variable,  with  a  single  control  adjusting  both 
output  voltages. 

e.  Regardless  of  the  type  of  regulator  used,  the  input  voltage  polarity  must  match 
the  output  voltage  polarity. 

17.  Here  are  some  of  the  common  IC  voltage  regulator  ratings: 

a.  The  input/output  differential  rating  indicates  the  maximum  difference  between 
Vin  and  Vout  that  can  occur  without  damaging  the  component. 

b.  The  minimum  load  current  rating  indicates  the  minimum  allowable  current 
demand  on  the  component.  (If  IL  drops  below  this  rating,  regulation  is  lost.) 

c.  The  ripple  rejection  ratio  is  the  ability  of  the  regulator  to  block  ripple.  It  is  equal 
to  the  ratio  (in  dB)  of  input  ripple  to  output  ripple. 

18.  The  current  capability  of  an  IC  voltage  regulator  can  be  increased  by  adding  a  pass- 
transistor  (see  Figure  21.15). 

19.  When  a  pass-transistor  is  added  to  an  IC  voltage  regulator,  short-circuit  current 
protection  should  also  be  added  to  the  circuit  (see  Figure  21.16). 

20.  IC  voltage  regulator  types  and  restrictions  are  summarized  in  Figure  21.17. 

21.  Linear  regulators  are  designed  to  provide  a  constant  current  path  between  the  source 
and  load.  Switching  regulators  are  designed  so  that  this  current  path  is  not  continuous. 

22.  The  pass-transistor  in  a  switching  regulator  is  constantly  switched  back  and  forth 
between  saturation  and  cutoff  (see  Figure  21.18).  This  results  in: 

a.  Higher  regulator  efficiency. 

b.  Higher  regulator  power-handling  capability. 

23.  The  pass-transistor  is  commonly  referred  to  as  a  power  switch. 

24.  The  basic  switching  regulator  can  be  divided  into  four  circuit  groups  (see  Figure  21.19): 

a.  The  control  circuit  is  used  to  control  the  output  from  the  switch  driver. 

b.  The  switch  driver  controls  the  conduction  of  the  power  switch  (pass-transistor). 

c.  The  power  switch  makes  (and  breaks)  the  connection  between  the  source  and 
the  load. 

d.  The  filter  and  clipper  reduces  the  variations  in  the  power  switch  output  and 
protects  the  power  switch  from  transients. 

25.  The  control  circuit  in  the  switching  regulator: 

a.  Samples  the  output  voltage. 

b.  Provides  an  output  indicating  whether  the  output  voltage  is  above  or  below  a  set 
reference  voltage. 

c.  Couples  output  from  its  comparator  to  the  switch  driver. 

26.  The  switch  driver  in  the  switching  regulator: 

a.  Contains  an  oscillator  and  a  gated  latch. 

b.  Couples  the  output  from  the  oscillator  to  the  power  switch  when  enabled  by  the 
signal  from  the  control  circuit. 

27.  The  filter  and  clipper  in  the  switching  regulator  perform  the  following  functions: 

a.  The  filter  capacitor  reduces  the  changes  in  power  switch  output  voltage. 

b.  The  filter  inductor  reduces  the  changes  in  power  switch  output  current. 

c.  The  clipper  diode  protects  the  power  switch  from  transients  produced  by  the  LC 
circuit  when  the  input  changes  polarity. 

28.  The  dc  average  of  the  power  switch  output  is  determined  by  the  input  voltage  and 
the  duty  cycle  of  the  power  switch  (see  Example  21.5). 

29.  Pulse-width  modulation  (PWM)  is  one  method  commonly  used  to  control  the  con¬ 
duction  of  the  power  switch  (see  Figure  21.20). 
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a.  PWM  uses  the  error  voltage  to  control  the  pulse  width  of  the  switch  driver  out¬ 
put  while  not  affecting  the  overall  cycle  time. 

b.  PW  increases  when  the  error  voltage  decreases,  and  vice  versa. 

30.  Variable  off-time  modulation  is  another  method  of  controlling  power  switch 
conduction  (see  Figure  21.21): 

a.  This  method  uses  a  signal  to  vary  the  cycle  time  of  the  rectangular  waveform 
without  affecting  its  pulse  width. 

b.  When  an  error  voltage  is  present,  the  output  from  the  astable  multivibrator 
(oscillator)  is  coupled  to  the  power  switch.  This  decreases  the  cycle  time  of  the 
multivibrator  (and  power  switch)  output. 

31.  Switching  regulators  can  be  designed  as  step-up ,  step-down ,  and  voltage-inverting 
circuits  (see  Figure  21.22). 

32.  The  type  of  switching  regulator  can  be  determined  from  component  placement  as 
follows: 

a.  If  the  power  switch  is  in  series  with  the  input  and  the  inductor,  it  is  a  step-down 
regulator. 

b.  If  the  power  switch  is  a  shunt  component  placed  after  the  inductor,  it  is  a  step-up 
regulator. 

c.  If  the  power  switch  is  in  series  with  the  input  and  the  inductor  is  a  shunt  compo¬ 
nent,  it  is  a  voltage-inverting  regulator. 

33.  Switching  regulators  are  available  in  IC  form  (see  Figure  21.23). 

34.  Switching  regulators  have  the  advantages  listed  in  item  22  of  this  chapter  summary. 
They  also  have  the  following  disadvantages: 

a.  The  operation  of  a  switching  regulator  can  generate  a  significant  amount  of  noise. 

b.  Switching  regulators  have  longer  transient  response  times.  In  other  words,  it 
takes  a  switching  regulator  longer  to  respond  to  a  change  in  load  than  it  takes  for 
a  linear  regulator  to  respond  to  the  same  change  in  load. 

35.  Switching  regulators  are  commonly  used  in  high-power  circuits  and  in  some  low- 
power  battery-operated  units  (because  of  the  small  size  of  the  circuit). 
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PRACTICE  PROBLEMS 

Section  21.1 

1.  A  voltage  regulator  experiences  a  20  |xV  change  in  its  output  voltage  when  its  input 
voltage  changes  by  4  V.  Determine  the  line  regulation  rating  of  the  circuit. 

2.  A  voltage  regulator  experiences  a  14  p,V  change  in  output  voltage  when  its  input 
voltage  changes  by  10  V.  Determine  the  line  regulation  rating  of  the  circuit. 

3.  A  voltage  regulator  experiences  a  15  |xV  change  in  its  output  voltage  when  its  input 
voltage  changes  by  5  V.  Determine  the  line  regulation  rating  of  the  circuit. 

4.  A  voltage  regulator  experiences  a  12  mV  change  in  output  voltage  when  its  input 
voltage  changes  by  12  V.  Determine  the  line  regulation  rating  of  the  circuit. 

5.  A  voltage  regulator  is  rated  for  an  output  current  of  0  to  150  mA.  Under  no-load 
conditions,  the  output  voltage  of  the  circuit  is  6  V.  Under  full-load  conditions,  the 
output  from  the  circuit  is  5.98  V.  Determine  the  load  regulation  rating  of  the  circuit. 

6.  A  voltage  regulator  experiences  a  20  mV  change  in  output  voltage  when  the  load 
current  increases  from  0  to  50  mA.  Determine  the  load  regulation  rating  of  the 
circuit. 

7.  A  voltage  regulator  experiences  a  1.5  mV  change  in  output  voltage  when  the  load 
current  increases  from  0  to  20  mA.  Determine  the  load  regulation  rating  of  the 
circuit. 

8.  A  voltage  regulator  experiences  a  14  mV  change  in  output  voltage  when  the  load 
current  increases  from  0  to  100  mA.  Determine  the  load  regulation  rating  of  the  circuit. 

Section  21.2 

9.  Determine  the  approximate  value  of  VL  for  the  circuit  shown  in  Figure  21.25. 


10.  Determine  the  approximate  value  of  VL  for  the  circuit  shown  in  Figure  21.26. 

11.  Determine  the  maximum  possible  value  of  load  current  for  the  circuit  shown  in 
Figure  21.27. 
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0.2  ft 


12.  Rs  in  Figure  21.27  is  changed  to  1.2  ft.  Determine  the  maximum  possible  load 
current  for  the  new  circuit. 

13.  An  adjustable  IC  voltage  regulator  is  set  for  a  +3  Vdc  output.  The  Vd  rating  for  the 
device  is  32  V.  Determine  the  maximum  allowable  input  voltage  for  the  device. 

14.  An  adjustable  IC  voltage  regulator  is  set  for  a  +6  Vdc  output.  The  Vd  rating  for  the 
device  is  24  V.  Determine  the  maximum  allowable  input  voltage  for  the  device. 

15.  The  LM317L  is  used  in  a  circuit  with  adjustment  resistance  values  of  R{  =  330  ft 
and  R2  =  2.848  kft  (adjusted  potentiometer  value).  Determine  the  output  voltage  for 
the  circuit. 

16.  The  LM317L  is  used  in  a  circuit  with  adjustment  resistance  values  of  R}  =  510  ft 
and  R2  =  6.834  kft  (adjusted  potentiometer  value).  Determine  the  output  voltage  for 
the  circuit. 

17.  A  power  switch  like  the  one  in  Figure  21.19  has  the  following  values:  Vin  =  36  V, 
ron  =  12  |XS,  and  ToS  =  48  |xs.  Determine  the  average  output  voltage  from  the 
power  switch. 

18.  A  power  switch  like  the  one  in  Figure  21.19  has  the  following  values:  Vm  =  24  V, 
Ton  =  10  jxs,  and  Toff  =  40  p,s.  Determine  the  average  output  voltage  from  the 
power  switch. 


PUSHING  THE  ENVELOPE 

19.  A  + 12  Vdc  regulator  has  a  line  regulation  rating  of  420  ppm/V.  Determine  the  output 
voltage  for  the  circuit  when  V,„  increases  by  10  V. 

20.  A  voltage  regulator  has  the  following  measured  values:  Vout  =  12.002  Vdc  when 
Vm  =  +20  V  (rated  maximum  allowable  input),  and  Vout  =  12  Vdc  when  Vin  = 
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+ 10  V  (rated  minimum  allowable  input).  Determine  the  line  regulation  rating  of  the 
device  in  mV,  %,  and  %/V. 

21.  A  +5  V  regulator  has  a  load  regulation  rating  of  2  H  over  a  range  of  IL  =  0  to 
100  mA  (maximum).  Express  the  load  regulation  of  the  circuit  in  V/mA,  %,  and 
%/mA. 

22.  A  + 15  Vdc  regulator  has  a  0.02%/mA  load  regulation  rating  for  a  range  of  IL  =  0  to 
50  mA  (maximum).  Assuming  that  the  load  current  stays  within  its  rated  limits, 
determine  the  maximum  load  power  that  can  be  delivered  by  the  regulator.  (Assume 
that  Vout  increases  as  IL  increases.) 


21.1  25  |xV/V 

21.2  100  pV/mA 

21.3  38  V 

21.4  10 V 

21.5  14.4  Vdc 


ANSWERS  TO  THE 
EXAMPLE  PRACTICE 
PROBLEMS 


Chapter  21  Answers  to  the  Example  Practice  Problems 
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appendix 


Additional  Specification  Sheets 
and  Resistor  Tables 


2N3906 


Preferred  Device 

General  Purpose 
Transistors 

PNP  Silicon 


MAXIMUM  RATINGS 


Rating 

Aumhnl 

yjMonn 

Value 

Collector-Emitter  Voltage 

vCEO 

40 

Vdc 

Collector-Base  Voltage 

vCBO 

40 

Vdc 

Emitter-Base  Voltage 

VEBO 

5.0 

Vdc 

Collector  Current  -  Continuous 

'c 

200 

mAdc 

Total  Device  Dissipation 
@  TA  =  25°C 

Derate  above  25°C 

Pd 

625 

5.0 

mW 

mW/°C 

Total  Power  Dissipation 
@  TA  =  60°C 

pd 

250 

mW 

Total  Device  Dissipation 
@  TC  =  25°C 

Derate  above  25°C 

pd 

1.5 

12 

Watts 

mW/cC 

Operating  and  Storage  Junction 
Temperature  Range 

Tj.  Tstg 

-55  to 

+150 

°c 

THERMAL  CHARACTERISTICS  (Note  1.) 


Characteristic 

Symbol 

Max 

Unit 

Thermal  Resistance, 

Junction  to  Ambient 

r0JA 

200 

°c/w 

Thermal  Resistance, 

Junction  to  Case 

r6JC 

83.3 

'C/W 

1 .  Indicates  Data  in  addition  to  JEDEC  Requirements. 


ON  Semiconductor™ 

http://onsemi.com 


TO-92 
CASE  29 
STYLE  1 


MARKING  DIAGRAMS 


2N 

3906 

YWW 


m 


Y  =  Year 

WW  =  Work  Week 


wsm 

OFF  CHARACTERISTICS 


(Copyright  of  Semiconductor  Component  Industries,  LLC.  Used  by  permission.) 


Collector-Emitter  Breakdown  Voltage  (Note  2.)  (Iq  =  10  mAdc,  lg  =  0) 

V(BR)CEO 

40 

- 

Vdc 

Collector-Base  Breakdown  Voltage  (lc  =  10  ^Adc,  Ie  =  0) 

V(BR)CBO 

40 

- 

Vdc 

Emitter-Base  Breakdown  Voltage  (lg  =  1 0  pAdc,  lc  =  0) 

V(BR)EBO 

5.0 

- 

Vdc 

Base  Cutoff  Current  (Vqe  -  30  Vdc,  Vj=b  =  30  Vdc) 

'BL 

- 

50 

nAdc 

Collector  Cutoff  Current  (Vce  =  30  Vdc,  Vgg  =  3.0  Vdc) 

>CEX 

- 

50 

nAdc 

922 
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ON  CHARACTERISTICS  (Note  2.) 


DC  Current  Gain 

hFE 

_ 

(lc  =  0. 1  mAdc,  VCE  =  1.0  Vdc) 

60 

- 

Oc  =  l.o  mAdc,  Vce  =  1.0  Vdc) 

80 

- 

(lc  =  10  mAdc,  Vce  =  10  Vdc) 

100 

300 

(lc  =  50  mAdc,  VCE  =  1.0  Vdc) 

60 

- 

(1C  =  100  mAdc,  Vce  =  10  Vdc) 

30 

- 

Collector-Emitter  Saturation  Voltage 

VcE(sat) 

Vdc 

{1C  =  10  mAdc,  %  =  1.0  mAdc) 

- 

0.25 

(lc  =  50  mAdc,  lg  =  5.0  mAdc 

- 

0.4 

Base-Emitter  Saturation  Voltage 

VBE(sat) 

Vdc 

(1C  =  10  mAdc,  lg  s  1.0  mAdc) 

0.65 

0.85 

(IC  =  50  mAdc,  Ib  =  5.0  mAdc) 

- 

0.95 

SMALL-SIGNAL  CHARACTERISTICS 


Current-Gain  -  Bandwidth  Product 
(lc  =  10  mAdc,  Vce  =  20  Vdc,  f  =  100  MHz) 

It 

250 

- 

MHz 

Output  Capacitance  (Vcb  =  5  0  Vdc,  lE  =  0,  f  =  1.0  MHz) 

C0bo 

- 

4.5 

pF 

Input  Capacitance  (VEE  =  0.5  Vdc,  lc  =  0,  f  =  1.0  MHz) 

Cibo 

- 

10 

pF 

Input  Impedance  (lc  =  1.0  mAdc,  Vce  =  10  Vdc,  f  =  1.0  kHz) 

hie 

2.0 

12 

kQ 

Voltage  Feedback  Ratio 
(IC  =  1 .0  mAdc,  Vce  =  1 0  Vdc,  1=1.0  kHz) 

hre 

0.1 

10 

X  10-4 

Small-Signal  Current  Gain 
(lc  =  1.0  mAdc,  Vce  =  10  Vdc,  f  =  1 .0  kHz) 

hfe 

100 

400 

- 

Output  Admittance  (lc  =  10  mAdc,  Vce  =  1°  Vdc,  f  =  1.0  kHz) 

hoe 

3.0 

60 

nmhos 

Noise  Figure 

Oc  =  1 00  |iAdc.  Vce  =  5.0  Vdc,  Rs  =  10  kft  1  =  1.0  kHz) 

NF 

- 

4.0 

dB 

SWITCHING  CHARACTERISTICS 


Delay  Time 

(Vcc  =  3.0  Vdc,  VBE  =  0.5  Vdc, 

IC  =  10  mAdc,  Ibi  =  1.0  mAdc) 

Id 

- 

35 

ns 

Rise  Time 

tr 

- 

35 

ns 

Storage  Time 

(Vcc  =  3.0  Vdc,  lc  =  10  mAdc, 

IBI  =  Ib2  =  1°  mAdc) 

- 

225 

ns 

Fall  Time 

(Vcc  =  3.0  Vdc,  lc  =  10  mAdc, 

IBI  =  lB2  =  10  mAdc) 

If 

- 

75 

ns 

2.  Pulse  Test:  Pulse  Width  S  300  (is;  Duty  Cycle  S  2%. 


+0.5  V  " 


10.6  V 


■|  300  ns 

DUTY  CYCLE  =  2% 


'  Total  shunt  capacitance  of  test  jig  and  connectors 


Figure  1.  Delay  and  Rise  Time 
Equivalent  Test  Circuit 


Figure  2.  Storage  and  Fall  Time 
Equivalent  Test  Circuit 
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2N4013 


Preferred  Device 


Switching 

Transistors 

PNP  Silicon 


ON  Semiconductor™ 


http://onsemi.com 


MAXIMUM  RATINGS 


Retina 

Symbol 

2N4013 

2N4014 

Unit 

Collector-Emitter  Voltage 

vCEO 

30 

50 

Vdc 

Collector-Base  Voltage 

VCB0 

50 

80 

Vdc 

Emitter-Base  Voltage 

vEBO 

6.0 

Vdc 

Collector  Current  —  Continuous 

•c 

1.0 

Adc 

—  Peak 

2.0 

Total  Device  Dissipation  @  =  25°C 

Pd 

0.5 

Watt 

Derate  above  25°C 

28.6 

mW/°C 

Total  Device  Dissipation  @  Tc  =  25°C 

Pd 

1.4 

Watts 

Derate  above  25°C 

6.8 

mW/°C 

Operating  and  Storage  Junction 

Tj'  Tstg 

-65  to  +200 

°C 

Temperature  Range 

/CASE  22-03,  STYLE  1 
TO-18  (TO-206AA) 


3  Collector 


1  Emitter 


ELECTRICAL  CHARACTERISTICS  (TA  =  25°C  unless  otherwise  noted) 


OFF  CHARACTERISTICS 


Collector-Emitter  Breakdown  Voltage(l) 

v(BR)CEO 

■ 

Vdc 

dC  =  10  mAdc,  Ib  =  0) 

2N4014 

■ 

2N4013 

— 

Collector-Emitter  Breakdown  Voltage 

V(BR)CES 

■ 

Vdc 

(IC  =  10  nAdc,  VBE  =  0) 

2N4014 

2N4013 

■BjHi 

■  B 

Collector-Base  Breakdown  Voltage 

v(BRICB0 

«C  -  1°  pAdc,  Ie  =  0) 

2N4014 

— 

— 

2N4013 

— 

— 

Emitter-Base  Breakdown  Voltage 

v(BR)EBO 

— 

_ 

Vdc 

(lE  =  10  uAthc,  lc  =  0) 

Collector  Cutoff  Current 

■■ 

/i Adc 

(VCB  -  60  Vdc.  IE  =  0) 

2N4014 

(VCB  =  40  Vdc.  IE  =  0) 

2N4013 

(VCB  =  60  Vdc,  lE  =  0,  TA  *  100"C) 

2N4014 

(VqB  =  40  Vdc,  lE  =  0,  TA  =  100“C) 

2N4013 

■ 

Collector  Cutoff  Current 

Ices 

■ 

AtAdc 

(VCE  =  80  Vdc,  VEB  =  0) 

2N4014 

(Vce  =  50  Vdc,  Veb  =  0) 

2N4013 

ON  CHARACTERISTICS 


DC  Current  Gain 

hFE 

dC  =  1°  mAdc,  Vqe  =  1°  Vdc) 

mrm 

_ 

_ 

(lc  =  100  mAdc,  VCE  =  1,0  Vdcl 

— 

dC  =  100  mAdc,  Vce  “  10  Vdc,  Ta  =  -  55X) 

— 

_ 

dC  =  300  mAdc.  Vce  =  10  Vdcl 

— 

,  _ 

dC  =  500  mAdc,  Vqe  =  1.0  Vdc) 

35 

_ 

_ 

0c  =  500  mAdc,  VcE  =  1.0  Vdc,  TA  =  -55X) 

— 

_ 

dc  =  800  mAdc,  Vce  =  2.0  Vdc) 

2N4014 

20 

2N4013 

25 

- 

- 

dC  =  10  Adc,  Vce  =  5.0  Vdc) 

2N4014 

25 

2N4013 

30 

- 

- 

(Copyright  of  Semiconductor  Component  Industries,  LLC.  Used  by  permission.) 
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2N5457,  2N5458 

Preferred  Device 

JFETs  -  General  Purpose 

N-Channei  -  Depletion 


ON  Semiconductor™ 


N-Channel  Junction  Field  Effect  Transistors,  depletion  mode  (Type 
A)  designed  for  audio  and  switching  applications. 

•  N-Channel  for  Higher  Gain 

•  Drain  and  Source  Interchangeable 

•  High  AC  Input  Impedance 

•  High  DC  Input  Resistance 

•  Low  Transfer  and  Input  Capacitance 

•  Low  Cross-Modulation  and  Intermodulation  Distortion 

•  Unibloc  Plastic  Encapsulated  Package 


MAXIMUM  RATINGS 


Rating 

Symbol 

Value 

Un*t . 

Drain-Source  Voltage 

Vos 

25 

Vdc 

Drain-Gate  Voltage 

VDG 

25 

Vdc 

Reverse  Gate-Source  Voltage 

VGSR 

-25 

Vdc 

Gate  Current 

'g 

10 

mAdc 

Total  Device  Dissipation 

pd 

@  TA  =  25°C 

310 

mW 

Derate  above  25°C 

2.82 

mW/“C 

Operating  Junction  Temperature 

Tj 

135 

°c 

Storage  Temperature  Range 

Tstg 

-65  to +150 

“C 

http://onsemi.com 


1  DRAIN 


2  SOURCE 


TO-92 
CASE  29 
STYLE  5 


MARKING  DIAGRAMS 


2N 

5457 

YWW 


2N 

5458 

YWW 


Y  =  Year 

WW  =  Work  Week 


ELECTRICAL  CHARACTERISTICS  (TA  =  25”C  unless  otherwise  noted) 


OFF  CHARACTERISTICS 


Gate-Source  Breakdown  Voltage 

(lG  =-10pAdc,  Vos  =  0) 

V(BR)GSS 

-25 

-25 

- 

Vdc 

Gate  Reverse  Current 

(VGS  =  -15Vdc,VDS  =  0) 

'GSS 

- 

- 

1.0 

nAdc 

(Vqs  =  -15  Vdc,  Vqs  =  0.  TA  =  100“C) 

- 

-200 

Gate-Source  Cutoff  Voltage 

2N5457 

vGS(off) 

-1.0 

_ 

-6.0 

Vdc 

(Vqs  =  15  Vdc,  ip  =  1  nAdc) 

2N5458 

-2.0 

- 

-7.0 

Gate-Source  Voltage 

VQS 

- 

-2.5 

-6.0 

Vdc 

(Vqs  “  15  Vdc,  ip  =  100  pAdc) 

2N5457 

-3.5 

-7.0 

(Vqs  =  15  Vdc,  iQ  =  200  pAdc) 

2N5458 

ON  CHARACTERISTICS 


Zero-Gate-Voltage  Drain  Current  (Note  1.) 

2N5638 

'DSS 

1.0 

3.0 

5.0 

mAdc 

(Vos  =  20  Vdc,  Vqs  *  0) 

2N5639 

2.0 

6.0 

9.0 

DYNAMIC  CHARACTERISTICS 


Forward  Transfer  Admittance  (Note  1 .) 
(Vos  =  15  Vdc,  Vqs  »  0,  f »  1  kHz) 

2N5638 

2N5639 

IY(SI 

1000 

1500 

3000 

4000 

5000 

5500 

pmhos 

Forward  Transfer  Admittance  (Note  1 .) 

(Vos  =  1 5  Vdc,  Vqs  =  0,  f  =  1  kHz) 

lYos' 

- 

10 

50 

pmhos 

Input  Capacitance 

(Vos  =  15  Vdc,  Vqs  =  0,  f  =  1  kHz) 

ciss 

- 

4.5 

7.0 

PF 

Reverse  Transfer  Capacitance 

(Vqs  =  15  Vdc,  Vqs  =  0,  f  =  1  kHz) 

crss 

- 

1.5 

3.0 

PF 

1 .  Pulse  Width  fi  630  ms,  Duty  Cycle  <  1 0%. 

(Copyright  of  Semiconductor  Component  Industries,  LLC.  Used  by  permission.) 
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2N6426,  2N6427 

Preferred  Device 

Darlington  Transistors 

PNP  Silicon 


ON  Semiconductor™ 


MAXIMUM  RATINGS 


Symbol 

Collector-Emitter  Voltage 

vCEO 

40 

Vdc 

Collector-Base  Voltage 

VCBO 

40 

Vdc 

Emitter-Base  Voltage 

VEBO 

12 

Vdc 

Collector  Current  —  Continuous 

lc 

500 

mAdc 

Total  Device  Dissipation  <6  T>\  =  25°C 

pd 

625 

mW 

Derate  above  25°C 

5.0 

mW/°C 

Total  Device  Dissipation  (fc  Tc  =  25°C 

Pd 

1.5 

Watts 

Derate  above  25°C 

12 

mW/°C 

Operating  and  Storage  Junction 
Temperature  Range 

Tstg 

-  55  to  +150 

°c 

THERMAL  CHARACTERISTICS 


WKamwezm 

Thermal  Resistance,  Junction  to  Case 

P«JC 

83.3 

Thermal  Resistance,  Junction  to  Ambient 

RsuaU) 

200 

(1)  RfljA  is  measured  with  the  device  soldered  into  a  typical  printed  circuit  board. 


http://onsemi.com 


2N6426* 

2N6427 

CASE  29-04,  STYLE  1 
TO-92  (TO-226AA) 


DARLINGTON  TRANSISTORS 

NPN  SILICON 


ELECTRICAL  CHARACTERISTICS  ITa  =  25"C  unless  otherwise  noted.) 


OFF  CHARACTERISTICS 


Collector-Emitter  Breakdown  Voltage(2) 

(1C  =  10  mAdc,  Vbe  =  0) 

VIBR)CES 

40 

— 

— 

Vdc 

Collector-Base  Breakdown  Voltage 
(lc  =  100  /xAdc,  lE  =  0) 

v(BRICBO 

40 

— 

— 

Vdc 

Emitter-Base  Breakdown  Voltage 
(lE  =  10  j/Adc,  lc  =  0) 

vIBR)EBO 

12 

— 

— 

Vdc 

Collector  Cutoff  Current 
(Vce  =  25  Vdc,  Ib  =  0) 

'CEO 

— 

1.0 

tiA  dc 

Collector  Cutoff  Current 
(Vcb  =  30  Vdc,  lE  =  0) 

'CBO 

— 

50 

nAdc 

Emitter  Cutoff  Current 

(Vbe  ~  io  vdc,  ic  =  o) 

'EBO 

— 

— 

50 

nAdc 

ON  CHARACTERISTICS 


DC  Current  Gain(2) 

hFE 

— 

dC  =  10  mAdc,  VCE  -  5.0  Vdc) 

2N6426 

20,000 

— 

200,000 

2N6427 

10,000 

— 

100,000 

(IC  =  100  mAdc,  VcE  =  5.0  Vdc) 

2N6426 

30,000 

— 

300,000 

2N6427 

20,000 

— 

200,000 

(IC  =  500  mAdc,  Vce  =  5.0  Vdc) 

2N6426 

20,000 

_ 

200,000 

2N6427 

14,000 

— 

140,000 

Col  lector- Emitter  Saturation  Voltage 

vCE(satl 

Vdc 

(Ic  =  50  mAdc,  \q  =  0.5  mAdc) 

— 

0.71 

1.2 

(IC  =  500  mAdc,  Ib  =  0.5  mAdc) 

_ 

— 

0.9 

1.5 

Base-Emitter  Saturation  Voltage 

vBEIsat) 

— 

1.52 

2.0 

Vdc 

dC  =  500  mAdc,  Ib  =  0.5  mAdc) 

Base-Emitter  On  Voltage 

vBE(on) 

_ 

1.24 

1.75 

Vdc 

dc  =  50  mAdc,  Vce  =  5.0  Vdc) 

SMALL-SIGNAL  CHARACTERISTICS 


Output  Capacitance 

(Vcb  =  io  vdc,  iE  =  o,  f  =  i.o  mhz) 

C0bo 

— 

5.4 

7.0 

pF 

Input  Capacitance 

(Vbe  =  i  o  vdc,  ic  =  o,  f  =  i.o  mhz) 

Cibo 

— 

10 

15 

pF 

(Copyright  of  Semiconductor  Component  Industries,  LLC.  Used  by  permission.) 
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2N6426,  2N6427 


ELECTRICAL  CHARACTERISTICS  (continued!  (Ta  -  2S°C  unless  otherwise  noted. I 


.  Symbol  : 

Min 

-mi. 

Unit 

Input  Impedance 

^ie 

kn 

dC  =  10  mAdc,  Vce  =  5.0  Vdc,  f  =  1.0  kHz) 

2N6426 

100 

— 

2000 

2N6427 

50 

— 

1000 

Small-Signal  Current  Gain 

^fe 

- 

OC  =  10  mAdc,  VcE  =  5.0  Vdc,  f  =  1.0  kHz) 

2N6426 

20,000 

— 

~ 

2N6427 

10,000 

— 

— 

Current  Gain  —  High  Frequency 

Nel 

— 

(|q  =  io  mAdc,  Vce  =  5.0  Vdc,  f  -  100  MHz) 

2N6426 

1.5 

2.4 

— 

2N6427 

1.3 

24 

— 

Output  Admittance 

^oe 

- 

1000 

^xmhos 

flC  =  10  mAdc,  Vce  =  5.0  Vdc,  f  *  1.0  kHz) 

Noise  Figure 

NF 

— 

3.0 

10 

dB 

(1C  =  1.0  mAdc,  Vce  =  5.0  Vdc,  Rs  -  100  k(l, 
f  -  1.0  kHz) 

(2)  Pulse  Test:  Pulse  Width  *  300  us.  Duty  Cycle  '  2.0%. 
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Standard  Resistor  Values 


10%  Tolerance 


ft 

kft 

Mft 

0.10 

1.0 

10 

100 

1.0 

10 

100 

1.0 

10.0 

0.12 

1.2 

12 

120 

1.2 

12 

120 

1.2 

12.0 

0.15 

1.5 

15 

150 

1.5 

15 

150 

1.2 

15.0 

0.18 

1.8 

18 

180 

1.8 

18 

180 

1.8 

18.0 

0.22 

2.2 

22 

220 

2.2 

22 

220 

2.2 

22.0 

0.27 

2.7 

27 

270 

2.7 

27 

270 

2.7 

0.33 

3.3 

33 

330 

3.3 

33 

330 

3.3 

0.39 

3.9 

39 

390 

3.9 

39 

390 

3.9 

0.47 

4.7 

47 

470 

4.7 

47 

470 

4.7 

0.56 

5.6 

56 

560 

5.6 

56 

560 

5.6 

0.68 

6.8 

68 

680 

6.8 

68 

680 

6.8 

0.82 

8.2 

82 

820 

8.2 

82 

820 

8.2 

In  addition  to  the  values  listed  in  the  table,  multiples  of  the 
following  values  are  available  with  2%  and  5%  tolerance  only: 


1.1 

2.4 

5.1 

1.3 

3.0 

6.2 

1.6 

3.6 

7.5 

2.0 

4.3 

9.1 

Precision  Resistor  Values 

Precision  resistors  are  commonly  available  in  0.1%,  0.25%,  0.5%,  and  1%  tolerances.  The 
values  listed  below  are  the  standard  digit  combinations  for  the  resistors  in  this  tolerance 
range.  Resistors  with  1%  tolerance  are  available  only  in  the  magnitudes  shown  in  bold. 


100 

101 

102 

104 

105 

106 

107 

109 

110 

111 

113 

114 

115 

117 

118 

120 

121 

126 

127 

129 

130 

132 

133 

135 

137 

138 

140 

142 

143 

145 

147 

149 

150 

152 

154 

156 

158 

160 

162 

164 

165 

167 

169 

172 

174 

176 

178 

180 

182 

184 

187 

189 

191 

193 

196 

198 

200 

203 

205 

208 

210 

213 

215 

218 

221 

223 

226 

229 

232 

234 

237 

240 

243 

246 

249 

252 

255 

258 

261 

264 

267 

271 

274 

277 

280 

284 

287 

291 

294 

298 

301 

305 

309 

312 

316 

320 

324 

328 

332 

336 

340 

344 

348 

352 

357 

361 

365 

370 

374 

379 

383 

388 

392 

397 

402 

407 

412 

417 

422 

427 

432 

437 

442 

448 

453 

459 

464 

470 

475 

481 

487 

493 

499 

505 

511 

517 

523 

530 

536 

542 

549 

562 

566 

569 

576 

583 

590 

599 

604 

612 

619 

626 

634 

642 

649 

657 

665 

673 

681 

690 

698 

706 

715 

723 

732 

741 

750 

759 

768 

777 

787 

796 

806 

816 

825 

835 

845 

856 

866 

876 

887 

898 

909 

920 

931 

942 

953 

965 

976 

988 

928 
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appendix 


Approximating  Circuit  Values 


The  analysis  of  a  given  circuit  can  often  be  simplified  by  approximating  many  of  its 
resistance  and  current  values.  In  this  appendix,  we  will  look  at  the  methods  by  which 
you  can  approximate  circuit  values  and  the  circumstances  that  make  circuit  approxima¬ 
tions  valid. 


What  Is  Meant  by  Approximating  Circuit  Values? 

When  you  approximate  circuit  values,  you  ignore  any  resistance  and/or  current  values 
that  have  little  impact  on  the  analysis  of  a  given  circuit.  For  example,  consider  the  simple 
series  circuit  shown  in  Figure  B.la.  What  is  the  total  resistance  in  this  circuit?  Obviously, 
it  is  10,000,010  Cl.  However,  for  all  practical  purposes,  couldn’t  we  just  say  that  it  is 
approximately  10  Mil?  In  this  circuit,  the  value  of  /?,  has  very  little  noticeable  effect  on 
the  values  of  RT,  IT,  or  VR2.  Therefore,  the  value  of  R]  can  be  dropped  from  the  circuit 
with  very  little  loss  in  the  accuracy  of  our  calculations. 


(a) 

FIGURE  B.l 


Now,  take  a  look  at  the  circuit  shown  in  Figure  B.lb.  In  terms  of  circuit  current,  which 
component  can  be  ignored?  In  this  case,  it  may  be  valid  to  ignore  the  value  of  R2  since 
there  is  very  little  current  through  this  branch.  In  fact,  if  we  assume  the  voltage  source  to 
be  10  V,  we  can  use  Ohm’s  law  to  calculate  the  current  values  of  f  =  1  A  and  I2  =  1  |xA. 
In  this  case,  the  value  of  I2  has  virtually  no  effect  on  the  value  of  total  circuit  current  and, 
thus,  can  be  ignored  in  circuit  calculations. 

Later,  we’ll  establish  the  guidelines  for  approximating  circuit  values.  At  this  point, 
we’ll  take  a  look  at  when  it  is  valid  to  use  circuit  approximations. 
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When  Can  You  Use  Circuit  Approximations? 

Any  time  that  you  are  troubleshooting  a  given  circuit,  you  can  assume  that  it  is  all  right  to 
use  approximated  values.  Generally,  when  you  are  troubleshooting,  you  are  interested 
only  in  whether  a  voltage,  current,  or  resistance  is  close  to  its  rated  value.  For  example, 
consider  the  circuit  shown  in  Figure  B.2.  Assume  that  you  are  troubleshooting  this  circuit. 
As  the  figure  shows,  VB  should  be  a  1  VPP  sine  wave,  VE  should  be  a  1  VPP  sine  wave,  and 
Vc  should  be  an  8  VPP  sine  wave  that  is  180°  out  of  phase  with  the  other  two  voltages. 
When  checking  this  circuit  with  an  oscilloscope,  we  are  not  concerned  with  whether  a 
given  value  of  VPP  is  off  by  0.001  V.  We  are  concerned  only  with  whether  the  value  of  VPP 
is  close  to  the  given  value  and  whether  the  phase  relationships  are  correct.  Therefore,  any 
approximations  of  circuit  VPP  values  are  completely  acceptable. 


+  Vcc 


FIGURE  B.2 


There  are  two  circumstances  when  you  should  not  use  the  circuit  approximations 
covered  here.  The  first  is  when  you  are  performing  an  exact  circuit  analysis  involving 
/z-parameters.  /z-Parameter  equations,  such  as  those  introduced  in  Appendix  C,  lead  to 
very  exact  values  for  transistor  gain  and  input/output  impedance.  It  wouldn’t  make  much 
sense  to  use  these  exact  equations  and  then  approximate  all  the  values  external  to  the 
transistor.  The  second  instance  for  not  using  circuit  approximations  is  when  you  are 
designing  a  circuit  for  a  specific  application. 

As  a  summary,  the  circuit  approximation  techniques  that  we  are  about  to  discuss  can 
usually  be  used  for  general  circuit  analysis  and  troubleshooting.  They  should  not  be  used 
when  an  exact  analysis  is  required  (such  as  those  involving  /z-parameters)  or  when 
designing  a  circuit. 


A  Practical  Consideration: 

In  this  discussion,  we  are 
assuming  that  the  tolerance  of 
the  resistors  used  is  10%.  For 
this  reason,  a  percentage  of 
error  of  10%  in  our  calculations 
is  considered  acceptable.  In 
pit ii 'i  r  .hi.  ,ii,  iprahh  margin 
afetWr  shduld  no  greater 


Approximating  Circuit  Resistance  Values 

Generally,  you  can  ignore  the  value  of  a  resistor  in  a  series  circuit  when  the  value  of  that 
component  is  less  than  10%  of  the  value  of  the  next  smallest  resistance  value.  For  exam¬ 
ple,  take  a  look  at  the  voltage  dividers  shown  in  Figure  B.3. 

In  Figure  B.3a,  the  value  of  R2  is  equal  to  0.  If?,.  Therefore,  we  can  approximate  the 
total  resistance  in  the  circuit  as  being  equal  to  the  value  of  R\,  4.7  kfl.  In  Figure  B.3b, 
the  value  of  R3  can  be  ignored  because  it  is  less  than  0.1/?1;  and  R{  is  the  next  lowest 
resistance  value  in  the  circuit.  Note  that  the  value  of  R2  is  not  considered  because  it  is 
greater  than  the  value  of  Rt.  In  Figure  B.3c,  none  of  the  resistors  can  be  dropped  from 
the  circuit.  Why?  Even  though  Rt  is  less  than  0AR2,  it  is  not  less  than  0.1/?3.  Since  it  is 
not  less  than  (or  equal  to)  10%  of  the  next  lowest  individual  resistance  value,  it  must  be 
kept  in  the  circuit. 
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:*i 

-  4.7  kft 


«2 

■  470  n 


(a) 

FIGURE  B.3 


:«i 

•  33  kfl 


:«2 

■iookn 


:«3 

■  1 .5  kft 


(b) 


:«i 

•500  ft 


:r2 

■5.1  kft 


■  3.3  kft 


(c) 


(d) 


fl4 

1.5  kft 


rl5 

15  kft 


Which  resistor  (if  any)  can  be  dropped  from  Figure  B.3d?  If  you  picked  R4,  you  are 
correct.  The  value  of  R4  is  10%  of  the  value  of  Rs,  so  it  can  be  dropped  from  the  circuit. 
Why  doesn’t  the  value  of  R t  (10  kfl)  prevent  us  from  dropping  /?4?  The  circuit  shown  in 
Figure  B.3d  is  a  series-parallel  circuit.  While  /?,  is  in  series  with  the  combination  of  R2, 
R3,  R4,  and  R5,  it  is  not  considered  to  be  in  series  with  R4  directly.  This  is  because  the 
current  through  R]  is  not  necessarily  equal  to  the  current  through  R4.  By  definition,  two 
components  are  in  series  only  when  the  same  current  passes  through  the  two  components. 

For  parallel  circuits,  the  10%  rule  still  holds.  In  this  case,  however,  the  larger  resis¬ 
tance  value  is  the  one  that  can  be  dropped.  The  reason  for  this  can  be  seen  by  referring  to 
Figure  B.lb.  For  the  circuit  shown,  the  larger  resistor  provided  less  than  10%  of  the  total 
circuit  current.  Thus,  its  value  can  easily  be  ignored. 
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appendix 


ft-Parameter  Equations  and  Derivations 


In  Chapter  9,  you  were  introduced  to  the  four  transistor  /i-parameters  and  their  use  in 
basic  circuit  analysis.  In  this  appendix,  we’ll  take  a  more  in-depth  look  at  /j-parameter 
equations  and  the  transistor  hybrid  equivalent  circuit. 


The  Transistor  Hybrid  Equivalent  Circuit 


FIGURE  C.l 


-0  c 

v2 

-O  E 


Using  the  ^-parameter  values  described  in  Chapter  9,  the  hybrid  equivalent  circuit  of  a 
transistor  is  developed.  To  understand  this  ac  equivalent  circuit,  the  transistor  must  be 
viewed  as  a  four-terminal  device.  This  representation  of  the  transistor  is  shown  in  Fig¬ 
ure  C.l.  Since  the  emitter  terminal  of  the  transistor  is  common  to  both  the  input  and 
output  circuits  in  a  common-emitter  amplifier,  it  is  represented  as  two  separate  termi¬ 
nals.  Realize,  however,  that  both  these  terminals  represent  the  single  transistor  emitter. 
The  input  and  output  voltages  are  represented  as  V]  and  v2,  respectively. 

Input  Circuit 

The  ac  equivalent  of  the  input  circuit  is  derived  using  Thevenin’s  theorem.  Thevenin’s 
theorem  states  that  any  circuit  can  be  represented  as  a  single  voltage  source  in  series  with 
a  single  resistance.  The  hybrid  equivalent  circuit  for  the  transistor  input  is  derived  as 
illustrated  in  Figure  C.2. 

The  Thevenin  voltage  for  the  input  is  equal  to  the  value  of  V)  with  the  base  circuit 
open.  As  Figure  C.2  shows,  this  voltage  is  found  as 

Vi  =  hiev2  (C.l) 

This  equation  is  simply  another  form  of  equation  (9.30).  Since  vbe  =  V]  and  vce  =  v2, 
equation  (9.30)  can  be  rewritten  as  above. 

The  Thevenin  resistance  of  the  transistor  input  is  equal  to  hie.  This  value  is  found  as 
shown  in  Chapter  9. 

So  why  is  the  input  represented  as  a  Thevenin  equivalent  circuit?  Since  the  voltage 
across  the  base-emitter  junction  remains  fairly  constant,  it  is  convenient  to  define  the 
operation  of  the  input  circuit  in  terms  of  this  voltage. 


Output  Circuit 

The  hybrid  equivalent  of  the  output  circuit  is  derived  using  Norton’s  theorem.  Norton’s 
theorem  represents  a  circuit  as  a  current  source  in  parallel  with  a  single  resistance.  The  ac 
equivalent  of  the  output  is  represented  in  Figure  C.3. 

The  value  of  the  Norton  current  source  is  written  as  the  product  of  the  transistor  cur¬ 
rent  gain  ( hfe )  and  the  base  input  current  (/,).  This  current  source  value  is  consistent  with 
the  value  of  hfeib  used  in  Chapter  9.  The  Norton  resistance  equals  the  reciprocal  of  the 
transistor  output  admittance  (hoe). 
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The  output  circuit  is  represented  as  a  Norton  equivalent  circuit  because  ic  is  dependent 
on  factors  outside  the  collector-emitter  circuit  under  normal  circumstances.  For  example, 
changing  the  value  of  Rc  will  not  cause  ic  to  change  significantly.  However,  changing  ib 
will.  Since  the  transistor  output  current  is  relatively  independent  of  the  external  compo¬ 
nent  values,  it  is  the  reference  value  for  output  calculations. 

The  complete  hybrid  equivalent  circuit  for  the  transistor  is  shown  in  Figure  C.3b.  This 
circuit  will  be  used  throughout  our  discussions  on  /i-parameter  calculations. 

Calculations  Involving  //-Parameters 

Very  exact  values  of  transistor  current  gain  (A,-),  voltage  gain  (Av),  input  impedance 
(Zin(base))»  and  output  impedance  (Zout)  can  be  obtained  using  /i-parameters.  Note  that 
these  calculations  provide  values  of  A t,  Av,  Zin,  and  Zout  for  specific  values  of  1 c.  If  7C 
changes,  the  values  of  Av,  A,,  Z,n(basc),  and  Zout  obtained  with  the  A-parameters  will  change 
as  well. 


Current  Gain  (Af) 

The  current  gain  of  a  transistor  equals  the  ratio  of  output  current  to  input  current.  By  formula, 

^  (C.2) 

ft 

Now,  let’s  apply  this  equation  to  the  circuit  shown  in  Figure  C.4.  This  circuit  is  the  small- 
signal  equivalent  of  a  voltage-divider  biased  amplifier.  The  only  difference  between  this 
circuit  and  those  discussed  earlier  is  that  the  transistor  has  been  replaced  by  its  hybrid 
equivalent  circuit.  The  boundaries  of  the  transistor  are  represented  by  the  shaded  area. 


A  Practical  Consideration: 

The  discussion  here  applies 
only  to  the  current  gain  of  the 
transistor  in  a  common-emitter 
amplifier.  The  current  gainefa 
common  emitter  amplifier  fc 


FIGURE  C.4 


The  output  current  is  equal  to  the  difference  between  hfeil  and  the  current  through  the 
Norton  parallel  resistance.  Using  Ohm’s  law,  the  current  through  this  resistance  can  be 
found  as 

V2  ii 

i  =  T7r~  =  V2koe 
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Subtracting  this  value  from  hfeiu  we  get 


By  substituting  this  value  in  place  of  i2  in  equation  (C.2),  we  get 


which  can  be  rewritten  as 


Since  v2  =  i2rc. 


which  can  be  rewritten  as 


-  [  tfcK 

:  VI  /  •■■■■■; 


This  equation  is  now  rewritten  as 


A,  =  hfe  —  A,rchoe 


Dividing  both  sides  of  the  equation  by  Ah  we  get 

A;  =  V  _  A/cftoe 
Ai  A;  Aj 


i. 


A,  1 


Transposing  the  above  equation,  we  get 


1  +  rch„ 


Equation  (C.4)  is  our  final  goal:  a  formula  that  defines  At  strictly  in  terms  of  the  transistor 
/j-parameters  and  the  ac  resistance  of  the  collector  circuit.  The  following  example  shows 
how  equation  (C.4)  is  used. 
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EXAMPLE  C.l 


Determine  the  value  of  A,  for  the  transistor  in  Figure  C.5.  Assume  that  the  /i-parameter 
values  for  the  transistor  are  as  follows: 


vcc 


FIGURE  C.5 


Solution:  To  determine  the  value  of  A,-,  we  need  to  determine  rc.  For  the  circuit 
shown, 


Rl  =  4J  kli|  10  kfl  =  3.2  kft 


Now,  A,  is  determined  as 


If  you  take  a  look  at  the  final  result  in  Example  C.l,  you’ll  notice  that  it  is  very  close 
to  the  original  value  of  hfe.  The  reason  for  this  is  the  fact  that  rchoe  <SC  1 .  Since  this  is  nor¬ 
mally  the  case,  equation  (C.4)  can  be  approximated  as 


Voltage  Gain  ( Av ) 


(C.5) 


The  voltage  gain  of  an  amplifier  equals  the  ratio  of  output  voltage  to  input  voltage.  By 
formula. 


Vl 

Vl 


(C.6) 


Now,  take  a  look  at  the  circuit  shown  in  Figure  C.6.  As  shown,  Vj  is  the  sum  of  hKv2  and 
the  voltage  developed  across  hie.  The  voltage  across  hie  is  found  as  hiei{\  therefore. 


(C.7) 
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h 


FIGURE  C.6 


It  was  already  shown  that  v2  —  i2rc,  and  substituting  these  two  equations  into  equation 
(C.6),  we  get 

A  =  Yl= 

v,  hrev2  +  hj  i 


If  we  divide  both  the  numerator  and  the  denominator  of  the  fraction  by  i2,  we  get 


rc 

hrerc  +  hJAi 


(C.8) 


Confused?  When  you  divide  the  numerator  by  i2,  you  get 


When  you  divide  hrev2  by  i2,  you  get 


Finally,  when  you  divide  hieil  by  i2,  you  get 


These  values  were  substituted  into  equation  (C.8). 

The  final  equation  for  Av  is  derived  by  substituting  equation  (C.4)  for  A,  in  equation 
(C.8).  This  gives  us 


= _ Vc _ 

v  K  +  (Mo.  "  hjtfe)rc 


(C.9) 


Again,  we  have  defined  a  gain  value  strictly  in  terms  of  the  transistor  /z-parameters 
and  the  ac  collector  resistance.  The  following  example  demonstrates  the  use  of  this 
equation. 


EXAMPLE  C.2 _ 

Determine  the  voltage  gain  for  the  circuit  shown  in  Figure  C.5  (Example  C.l). 
Solution:  Using  the  /z-parameter  values  listed  in  Example  C.l,  we  get 

_ _ hfirc _ 

v  K  +  {hiJi0e  ~  hTJife)rc 
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-  (50X3.2  k ft) 

1  kH  +  [(1  k(l)(25  |xS)  -  (2.5  X  10  ^)(50)j(3.2  kfl) 

=  1.6  x  io5  a 

1.04  kO 

=  153.85 


Anyone  care  for  an  aspirin?  Don’t  give  up  yet  .  .  .  it  gets  better.  You  see,  the  input 
impedance  of  a  transistor  can  be  approximated  as  being  equal  to  hie.  In  Chapter  9,  we 
defined  Zin(basc)  as  being  equal  to  hfer'e.  Based  on  these  two  relationships,  we  defined  r'e  as 
follows: 


(C.10) 


Now,  let’s  attack  the  problem  in  Example  C.2  from  another  angle. 

EXAMPLE  C.3 _ 

Determine  the  voltage  gain  for  the  circuit  shown  in  Figure  C.5  (Example  C.l). 

Solution:  First,  using  the  /(-parameters  listed  in  Example  C.l,  we  determine  the 
value  of  r'e  as 


,  lkil 
Te  50 


iliilill 

200 


The  voltage  gain  can  now  be  calculated  as 


You  will  find  that  the  method  of  determining  Av  used  in  Example  C.3  will  always  give 
you  a  result  that  is  well  within  10%  of  the  exact  value.  For  almost  every  analysis  prob¬ 
lem,  this  value  of  Av  will  work  just  fine. 


Input  Impedance  (Zin(base)) 

The  input  impedance  to  a  transistor  is  defined  as  the  ratio  of  input  voltage  (vj)  to  input 
current  (;j).  By  formula, 


(C.11) 


If  you  refer  to  Figure  C.6,  you’ll  recall  that  v,  =  hrev2  +  hieil.  Substituting  this  value  of  V] 
into  equation  (C.l  1)  gives  us 


Zinfbase) 


hrev2  +  Mi 


which  simplifies  to 

7  _ u  4_  fe. 

Zin(base)  ~  "fe  +  , 
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This  equation  can  be  rewritten  as 


■ft) 


Since  —  =  A„  the  above  equation  can  be  rewritten  as 

'i 


flreAfc 


Finally,  substituting  equation  (C.4)  into  the  above  equation  gives  us 

h„hferc 
1  +  rchoe 


(C.12) 


Remember  earlier  when  we  assumed  that  Zin(base)  =  hiel  The  following  example  will 
show  this  assumption  to  be  valid. 


EXAMPLE  C.4 _ 

Determine  the  exact  value  of  Zm  for  the  amplifier  shown  in  Example  C.l. 

Solution:  Using  the  h-parameter  values  from  Example  C.l,  the  value  of  Zin(base)  is 
found  as 

Zwl_,  -  K  *  -  no  +  (2-5xl°f)<3^ 

“*“>  "  1  +  rcA«  1  +(3.2kO)(25nS) 

ft  %  §  40  v  ^  filpf  :*.8'  PI  ' 

=  +  =  1037ft 


As  you  can  see,  there  was  only  a  37  Cl  difference  between  the  values  of  Zjnfbase|  and  h„ 
in  Example  C.4. 


Output  Impedance  (Zout) 

The  output  impedance  of  a  transistor  is  defined  as  the  ratio  of  output  voltage  (v2)  to  out¬ 
put  current  (i2).  By  formula. 


(C.13) 


Substituting  equation  (C.5)  in  place  of  i2  gives  us 


HI 

19 


(C.14) 


Now,  take  a  look  at  the  circuit  shown  in  Figure  C.l.  The  Kirchhoff  s  voltage  equation  for 
the  input  is 


■fo  +  *1 
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i2  '2  -  hfeh  ~  vz  hoe 


Zollt=  T 


vz 


hfeh  -  v2^o, 


FIGURE  C.7 


If  we  short  out  the  voltage  source  (a  normal  step  in  thevenizing  a  multisource  circuit), 
we  get 

hreVz  =  h(rs  +  hie) 

And  finally, 


4:ggg 

^rgV  2 

/j  r— 

?#SS3 

(C.15) 


Now,  if  you  substitute  equation  (C.15)  for  the  value  of  it  in  equation  (C.14),  you  get 


or 


(C.16) 


(C.17) 


EXAMPLE  C.5 

Determine  the  value  of  the  output  impedance  for  the  transistor  used  in  Example  C.l. 

Solution:  The  source  resistance  is  shown  to  be  100  fl.  Using  this  value  and  the 
parameters  given  in  Example  C.l,  Zou,  is  found  as 


/j-Parameter  Approximations 

Most  of  the  ft-parameter  formulas  covered  in  this  section  can  be  approximated  to  a  form 
that  is  easier  to  handle.  While  these  formula  approximations  will  not  produce  results  that 
are  as  accurate  as  the  original  equations,  they  may  be  used  for  most  applications. 

Equation  (C.4)  shows  transistor  current  gain  (A,)  to  be 


Aj 


1  +  rcK- 
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Since  rchoe  <5C  1,  the  denominator  of  the  equation  can  be  approximated  as  being  equal  to 
one.  This  leaves  us  with 


At/—:  hfi 


(C.18) 


The  validity  of  this  approximation  is  demonstrated  in  Example  C.l.  In  this  example,  the 
exact  value  of  A,  was  determined  to  be  46.3.  The  value  of  hfe  for  the  transistor  was  given 
as  50.  The  difference  between  these  two  gain  values  is  3.7,  a  difference  of  7.4%. 

The  voltage  gain  (A„)  of  an  amplifier  was  found  in  equation  (C.9)  as 


The  approximation  of  this  equation  is  based  on  several  factors.  First,  we  originally 
defined  A.,  as 


This  equation  can  also  be  written  as 


03 


Now,  equation  (C.10)  defined  r'e  as 


Therefore, 


*  h > 


Thus,  Av  can  be  approximated  as 


Av^-~ 

hu 


(C.19) 


The  validity  of  this  approximation  was  demonstrated  in  Examples  C.2  and  C.3.  Example 
C.2  provided  a  value  of  Av  equal  to  153.85.  Example  C.3  approximated  the  value  of  Av  for 
the  same  circuit  as  160.  The  percentage  of  error  for  the  approximated  value  was  about  4%. 

Example  C.4  calculated  a  Zin  for  an  amplifier  transistor  of  1037  Cl.  The  value  of  hie  for 
the  transistor  was  1  kil.  Thus,  we  can  approximate  the  value  of  Zin  as 


Zi„  =  K 


(C.20) 


Unfortunately,  there  is  no  quick  approximation  for  the  output  impedance  of  a  transistor. 
Whenever  you  need  to  calculate  this  value,  you  need  to  use  equation  (C.17).  However,  there 
is  some  good  news  here.  In  most  cases,  there  is  no  reason  to  calculate  the  output  impedance 
of  a  transistor.  This  is  because  it  rarely  weighs  into  any  common-emitter  circuit  calculations. 
When  you  do  need  a  general  idea  of  how  large  Zout  is  for  a  given  transistor,  you  can  use 


(C.21) 
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While  equation  (C.21)  will  not  tell  you  the  exact  value  of  Zout,  it  will  give  you  an  idea 
of  how  large  the  value  is. 

Other  Transistor  Configurations 

//-Parameters  apply  not  only  to  common-emitter  circuits  but  to  common-base  and  common- 
collector  circuits  as  well.  However,  you  must  use  several  conversion  factors  to  obtain 
the  values  needed  to  calculate  the  A„  Av,  Zin,  and  Zou[  values  for  these  circuit  configu¬ 
rations.  In  this  section,  you  will  be  introduced  to  the  A-parameter  conversions  as  well 
as  the  common-base  and  common-collector  formulas  used  for  circuit  calculations.  We 
will  not  analyze  these  formulas  and  conversions.  They  are  listed  simply  for  future 
reference. 

The  common-base  /7-parameters  are  identified  by  the  use  of  the  subscript  letter  b  in 
place  of  e.  The  following  chart  illustrates  this  point: 


Parameter 

Common  Emitter 

Common  Base 

Transistor  current  gain 

tyfe 

hjb 

Voltage  feedback  ratio 

^re 

hrb 

Input  impedance 

K 

hib 

Output  admittance 

hoe 

Kb 

To  convert  the  common-emitter  parameters  to  common-base  parameters,  use  the  follow¬ 
ing  conversion  formulas: 


Vl-A„)-Mu  _  hfe 

(I  +  VX1  -  K)  +  K.K  h,„  +  1 

(C.22) 

M.-U  .+U 

(1  +  hfr)(\  -  hre)  +  KeKe  hf,  +  1  " 

(C.23) 

' . ' . ■ 

,  hie  __  hie 

ih  (1  +  hfc)(l  -  hre)  +  KeKe  hfe  +  1 

i  ft,  -  “A1  SWVfk  9 1  "•■■■: : !r:4. M S3  .i. . <  ?■ 

(C.24) 

h  U 

j  __  noe  _  noe 

"h  (1  +  hfe)(l  -  hre)  +  KXe  hfe  +  1 

(C.25) 

Once  the  parameter  conversions  are  complete,  the  circuit  gain  and  impedance  values  can 
be  found  as 


1  +  hobrc 


A„  =  — - 


hfbrC 


hfo  +  (h,hK,b  hfbhrb)r c 


Zin  hib 


hrbhfbr c 
1  +  hobrc 


Zou,  = 


hfbKb 

ha  +  rs 


(C.26) 

(C.27) 

(C.28) 

(C.29) 
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The  common-collector  ^-parameters  are  identified  by  the  letter  c  in  the  subscript  in  place 
of  e.  The  conversions  from  common-emitter  parameters  to  common-collector  parameters 
are  as  follows: 


hfc  =  hfg  +  1 

(C.30) 

1  fore 

(C.31) 

foie  =  hie 

(C.32) 

fooc  fooe 

(C.33) 

Using  the  converted  parameters,  the  gains  and  impedances  of  the 
amplifier  can  be  found  as 

common-collector 

M  h '* 

1  1  +  hoJE 

(C.34) 

Av  ”  hie  +  (foicfooc  -  h/Ae)rE 

(C.35) 

:L  „  forAe^ 

*  “  K  '  1  +  K'r 

(C.36) 

1 

Z°M  hfcforc 

fo'je  +  .  i 

(C.37) 

K:  +  r. 

The  actual  gain  and  impedance  equations  shown  in  this  section  are  the  same  as  those 
used  for  the  common-emitter  circuit.  However,  before  they  can  be  used,  the  common- 
emitter  h-parameters  must  be  converted  to  the  necessary  form. 


*  For  the  common-collector  circuit,  the  output  is  taken  from  the  emitter.  Therefore,  the  output  ac  resistance  is 
the  ac  resistance  of  the  emitter  circuit,  rE. 
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appendix 


Selected  Equation  Derivations 


Equation  (3.11) 

The  average  value  of  any  curve  equals  the  area  under  the  curve  divided  by  its  length.  For 
example,  the  average  value  of  the  sine-wave  alternation  shown  in  Figure  D.l  can  be 
found  as 


where  A  is  the  value  of  a  shaded  area  under  the  curve  and  £  is  the  difference  between  the 
zero  points  on  the  curve. 


FIGURE  D.l 


To  find  the  area  under  the  curve,  we  start  with  the  curve  equation.  The  equation  of  the 
curve  in  Figure  D.l  is  given  as 


v  =  Fpk  sin  (D.l) 

where  u>t  =  the  phase  angle,  given  as  a  product  of  angular  velocity  (w),  in  radians,  and 
time 

Using  calculus,  the  area  under  the  curve  is  found  as  the  integral  of  equation  (D.l).  By 
formula, 


A  =  Jo  V7Pk  sin  utd(uit) 


(D.2) 


vcc 


FIGURE  D.2 


Solving  equation  (D.2),  we  get 

A  =  /jVpk  sin  <x>td(u,t)  =  -  Vpk[-cos 

=  -Vpk[-cos  it  -  cosO]  =  -VPk[~l  ~  1]  ~  2Vpk 

Now  we  know  that  the  area  under  the  curve  equals  2Vpk.  As  shown  in  Figure  D.l,  the  dif¬ 
ference  between  the  zero  crossings  of  the  waveform  equals  rr  (radians).  Using  these  two 
values  in  equation  (D.l), 


(D.3) 


Equation  (D.3)  gives  us  the  average  value  of  the  positive  alternation  produced  by  a  half¬ 
wave  rectifier.  The  positive  alternation  makes  up  only  half  the  cycle  time,  with  the  other 
half  having  a  value  of  0  V.  Therefore,  the  average  over  one  complete  output  cycle  is  half 
the  above  value,  or 


which  is  equation  (3.11). 


Equation  (7.15) 

Refer  to  Figure  D.2.  According  to  Ohm’s  law,  the  base  current  (If)  generated  by  the  volt¬ 
age  source  (VB)  can  be  found  as 


/«  = 


R 


/jV(base) 


+  Rp 


where  Rmb ase)  is  the  base  input  resistance  of  the  transistor.  When  Rm( base)  Re  (which  is 
normally  the  case),  IB  can  be  assumed  to  have  a  value  of 


k=  k  +  *c 


R 


/Mfcase) 


or 

rVfi  =  (D*4) 

As  implied  by  equation  (7.9),  the  emitter  voltage  in  Figure  D.2  can  be  found  as 

VE  =  IeRe  (D.5) 

If  the  forward  voltage  across  the  base-emitter  junction  of  the  transistor  is  ignored,  then 
the  circuit  in  Figure  D.2  can  be  assumed  to  have  a  value  of 

VB=  VE 

Substituting  equations  (D.4)  and  (D.5)  into  the  above  equation,  we  have 

IuRlNibaec)  =  h&E  (D-6) 

As  given  in  equation  (6.5), 

Ie  =  (hfE  +  1)4 
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Substituting  this  relationship  into  equation  (D.6),  we  get 

IbRiN(  base)  =  (^F£  +  1  )^B^E 

Assuming  that  hFE  1,  the  above  relationship  can  be  rewritten  as 

1bRiN(  base)  =  hFEIBRE 


Finally,  factoring  out  IB,  we  have 


which  is  equation  (7.15). 


base)  “  hFERE 


Equation  (9.2) 

Schockley’s  equation  for  the  total  current  through  a  pn  junction  is 


(D.7) 


where  Is  —  the  reverse  saturation  current  through  the  diode 
e  =  the  exponential  constant',  approximately  2.71828 
V  =  the  voltage  across  the  depletion  layer 
q  =  the  charge  on  an  electron;  approximately  1.6  X  10-19  V 
k  =  Boltzmann’s  constant;  approximately  1.38  X  10-23  J/°K 
T  =  the  temperature  of  the  device,  in  degrees  Kelvin  (°K  =  °C  +  273) 

We  can  solve  for  the  value  of  q/kT  at  room  temperature  (approximately  21°C)  as 


qtkT--- 


1.6  X  10  ,9J _ 


Using  this  value,  the  equation  for  IT  is  rewritten  as 

IT=h(e40v-  1)  (D.8) 


Now,  differentiating  the  above  equation  gives  us 


a 

dV 


=  Wise40 v 


(D.9) 


If  we  rearrange  equation  (D.8)  as 


Vov  =  Ut  I M 

we  can  use  this  equation  to  rewrite  equation  (D.9)  as 


a l 

dV 


40(/r  +  Is) 


(D.10) 


Now,  if  we  take  the  reciprocal  of  equation  (D.10),  we  will  have  an  equation  for  the  ac 
resistance  of  the  junction,  r'e,  as  follows: 


dV  IV  IV  1  1  25  mV 

dl  40(1  T  +  Is)  40  IT  +  Is  mV  IT  +  Is  ~  IT  +  Is 
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In  this  case,  ( IT  +  ls)  is  the  current  through  the  emitter-base  junction  of  the  transistor,  lE. 
Therefore,  we  can  rewrite  the  above  equation  as 

,  25  mV 

^  ~  h 

Equation  (9.21) 

According  to  Ohm’s  law,  the  input  current  to  a  common-emitter  amplifier  can  be  found  as 


As  Figure  D.3  shows,  the  input  current  to  a  common-emitter  amplifier  is  divided  between 
the  resistors  in  the  biasing  network  and  the  base  of  the  transistor.  Using  the  current- 
divider  relationship,  the  value  of  ib  can  be  found  as 

(D.ll) 

where  Zin  =  the  parallel  combination  of  the  biasing  resistors  and  the  base  input  imped¬ 
ance,  Zjn(base). 


FIGURE  D.3 


Figure  D.3  shows  the  transistor  output  current  (ic)  to  be  equal  to  the  product  of  the 
transistor  ac  current  gain  {hfe)  and  the  ac  base  current.  By  formula, 

ic, 

Substituting  equation  (D.l  1)  for  the  value  of  ib  in  the  above  equation,  we  get 

(D.12) 

As  is  the  case  with  the  input  circuitry,  the  output  circuitry  forms  a  current  divider.  The 
output  current  divider  is  made  up  of  the  collector  resistor  (Rc)  and  the  load.  Once  we 
know  the  value  of  ic  for  a  given  common-emitter  amplifier,  the  value  of  the  ac  load  cur¬ 
rent  can  be  found  as 

(D.13) 

where  rc  is  the  parallel  combination  of  the  collector  resistor  and  the  load  resistance. 
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The  effective  current  gain  of  any  amplifier  equals  the  ratio  of  ac  load  current  to  ac 
input  current.  By  equation. 


Substituting  the  relationships  we  have  established  for  the  values  of  iL  and  <in,  we  get 


(D.14) 


Since  —  =  — ,  the  above  equation  can  be  rewritten  as 

V.v  tin 


According  to  equation  (D.l  1), 


-  w  - 

'in  Zin(base) 


Substituting  this  equation  for  the  current  ratio  in  equation  (D.14),  we  get 


This  is  equation  (9.21). 

Equation  (10.15) 

The  derivation  of  equation  (10.15)  is  best  understood  by  looking  at  the  circuits  shown  in 
Figure  D.4.  Figure  D.4a  shows  the  ac  equivalent  of  the  emitter  follower.  Note  that  the 
input  circuit  consists  of  the  source  resistance  ( Rs )  in  parallel  with  the  combination  of  /?, 
and  R2.  Thus,  the  total  resistance  in  the  base  circuit  (as  seen  from  the  base  of  the  transis¬ 
tor)  can  be  found  as 


*i»  =  *«  II  *2 II** 


This  resistance  is  shown  as  a  single  resistor  in  Figure  D.4b. 

To  determine  the  value  of  Zout,  we  start  by  writing  the  Kirchhoff 1 ’s  voltage  equation  for 
the  circuit  and  solving  that  equation  for  ie.  The  voltage  equation  is 


^in  =  4*  In  +  ieir'c  +  RE) 
ie 

Since  ib  =  — ,  the  voltage  equation  can  be  rewritten  as 

hfc 

'in  =  ^  +  4W  +  Re  ) 

% 
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Solving  for  ie  yields 


This  equation  indicates  that  the  emitter  “sees”  a  three-resistor  circuit,  as  shown  in  Figure 
D.4c.  If  we  thevenize  the  circuit,  we  find  that  the  load  sees  RE  in  parallel  with  the  series 
combination  of  the  other  two  resistors.  Thus,  Zout  is  found  as 


This  is  equation  (10.15). 


Equation  (10.21) 

Equation  (10.13)  gives  the  value  of  the  base  input  impedance  as 


where  rE  is  the  parallel  combination  of  RE  and  RL.  Expanding  the  right  side  of  the  equa¬ 
tion,  we  obtain 

Zjn(base)  —  hfcTe  +  hfcrE 

Now,  since  hic  =  hfcr'e,  we  can  rewrite  the  above  equation  as 

Zin(baSe)  =  hjc  +  hfcrE 

Thus,  for  the  Darlington  amplifier  shown  in  Figure  D.5,  the  value  of  Zin(base)  for  Q2  is 

Zjn(base)2  =  ^ic2  +  hfc^SX 


and  the  value  of  Zin(base)  for  Q\  is 

Zin(base)l  =  hki  +  hfclr Bx 
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FIGURE  D.5 


As  Figure  D.5  shows,  Q2  is  the  ac  load  on  Q,.  Thus,  rE1  =  Zin(base)2;  thus. 


^in(base)!  ^icl  F  hfclrEl  h id  F  kfc [ (hic2  F  hfcrE l) 


or 


Zinibasc")  fycl  F  tylci{.Hic2  F  HjcTe) 


where  Zin(base)  =  the  input  impedance  of  Q  , 

rE  =  the  parallel  combination  of  R,  and  RL 

JRC-Coupled  Class  A  Efficient 

The  ideal  class  A  amplifier  would  have  the  following  characteristics: 


1. 

2. 

3. 

4. 

These  ideal  characteristics  will  be  used  in  our  derivation  of  the  maximum  ideal  efficiency 
rating  of  25%. 

Equation  (1 1.10)  gives  us  the  following  equation  for  load  power: 


.  _  Vcc 

CEQ  ~  0 

Vpp  =  !/cc 
^C(sat) 


ICQ 


Ipp 


Z  ^C(satJ 


Since  RL  =  VPP/IPp,  we  can  rewrite  the  above  equation  as 


(D.15) 
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Now,  we  will  use  the  characteristics  listed  on  page  949  and  equation  (D.15)  to  determine 
the  ideal  maximum  load  power  as  follows: 


Now,  recall  that  the  power  drawn  from  the  supply  of  an  amplifier  is  found  as 


where 


Ps  =  VCCICC 


Arc  ~  Icq  +  h 


Since  ICQ  is  normally  much  greater  than  Iu  we  can  approximate  the  equation  above  to 

Ps  =  VccIcQ 

Note  that  this  equation  is  valid  for  most  amplifier  power  analyses.  We  can  rewrite  the 
above  for  the  ideal  amplifier  as  follows: 

Ps  ~  2VCeqIcq 

We  can  now  use  the  derived  values  of  PL  and  Ps  to  determine  the  maximum  ideal  value  of 
t]  as  follows: 


Transformer-Coupled  Class  A  Efficiency 

Assume  for  a  minute  that  we  are  dealing  with  an  ideal  transformer-coupled  amplifier. 
This  amplifier  would  have  characteristics  of  VCEQ  =  Vcc  and  VCEU>a)  =  2VCC ■  These  char¬ 
acteristics  ignore  the  fact  that  there  would  be  some  voltage  dropped  across  the  emitter 
resistor  of  the  amplifier.  Now,  recall  that  the  maximum  power  that  can  be  delivered  to  a 
load  from  a  class  A  amplifier  is  found  as 

„  vceqIcq 


This  equation  was  derived  in  our  initial  discussion  on  class  A  amplifiers.  Since  the  ideal 
transformer-coupled  amplifier  would  have  a  value  of  VCEQ  =  Vcc,  the  equation  above  can 
be  rewritten  as 


You  may  also  recall  that  the  power  drawn  from  the  supply  can  be  approximated  as 
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We  can  use  these  two  equations  to  calculate  the  maximum  ideal  efficiency  of  the  trans- 
former-coupled  amplifier  as  follows: 


PL  1 

—  X  100  =  PL—  X  100 

.  r* .  .  .  . 


VccIcQ 


VccIcQ 


X  100 


X  100  =  50% 


Class  B  Amplifier  Efficiency 

Equation  (11.31)  defines  7cl(ave) as 


k 


’l(ave) 


VCC 

2tt Rl 


This  equation  is  based  on  the  relationship 


i  Ipk 
'c.(ave)  ~  77 

In  the  practical  class  B  amplifier,  7cl(ave)  k-  Therefore,  we  can  assume  that  7CC  = 
7Ci(ave)  in  the  ideal  class  B  amplifier.  Based  on  this  point,  the  determination  of  the  ideal 
maximum  efficiency  for  the  class  B  amplifier  proceeds  as  follows: 


The  final  result  can,  of  course,  be  assumed  to  be  equal  to  78.5%.  Remember  that  this 
maximum  efficiency  rating  is  ideal.  Any  practical  value  of  efficiency  for  a  class  B  ampli¬ 
fier  must  be  less  than  this  value. 


Equation  (11.37) 

The  instantaneous  power  dissipation  in  a  class  B  amplifier  is  found  as 


(D.16) 


where  VCEQ  =  the  quiescent  value  of  VCE  for  the  amplifier 

7c(sat)  =  the  saturation  current  for  the  amplifier,  as  determined  by  the  ac  load  line 
for  the  circuit 

0  =  the  phase  angle  of  the  output  at  the  instant  that  p  is  measured 
k  =  a  constant  factor,  representing  the  percentage  of  the  load  line  that  is  actu¬ 
ally  being  used  by  the  circuit;  k  is  represented  as  a  decimal  value  between 
0  and  1 

The  average  power  dissipation  can  be  found  by  integrating  equation  (D.16)  for  one 
half-cycle.  Note  that  a  half-cycle  is  represented  as  being  between  0  and  ir  radians  in 
the  integration 


- 1  r 

2«J, 


pd% 


(D.17) 
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Performing  the  integration  yields 


(D.18) 


The  next  step  is  to  find  the  maximum  value  of  k  in  equation  (D.18).  The  first  step  in 
finding  this  maximum  value  is  to  differentiate  Pave  with  respect  to  k  as  follows: 


(D.19) 


Next,  we  set  the  right-hand  side  of  equation  (D.19)  equal  to  zero.  This  provides  us  with 
the  following  equations: 


VceqIosii i) 


0  and 


irk  =  0 


Now,  we  can  solve  the  equation  on  the  right  to  find  the  maximum  value: 


(D.20) 


At  this  point,  we  want  to  take  the  value  of  k  obtained  in  equation  (D.20)  and  plug  it 
into  equation  (D.17).  Reducing  this  new  equation  gives  us 


T^ave  0.1VCECJC(M) 


(D.21) 


Finally,  we  replace  the  values  of  VCEQ  and  7C(sat)  in  equation  (D.21)  using  the  following 
relationships: 


Vceo  “  r  find  la  sat) 


This  gives  us 


(Vcmw\ 

p^0lht) 

=  /WP\ 

°  V  20 Rl  ) 


Now,  since  VCEQ  is  equal  to  —  we  can  rewrite  the  above  equation  as 

/  DD  \ 


Pd  ~  (Vcbc)(mrJ 


This  is  a  form  of  equation  (1 1.37). 
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Equation  (14.17) 

The  proof  of  this  equation  starts  by  taking  a  look  at  the  RC  circuit  shown  in  Figure  D.6. 
Since  the  current  through  a  series  circuit  is  constant,  the  ratio  of  vout  to  vin  is  equal  to 
the  ratio  of  Xc  (the  output  shunt  component)  to  the  total  impedance  of  the  circuit.  By 
formula, 

(D.22) 

or 


(where  X  =  any  quantity)  to  rewrite  equation  (D.25)  as 


(D.26) 


Rewriting  equation  (D.26)  in  dB  form,  we  obtain 


*  ifci'f) 


Equations  (14.42)  and  (14.43) 

In  this  derivation,  we  will  concentrate  on  the  low-frequency  response  of  a  multistage 
amplifier.  We  will  then  expand  the  derivation  to  include  the  high-frequency  response  of  a 
given  multistage  amplifier. 

To  minimize  any  confusion,  we  now  define  two  variables  that  will  be  used  extensively 
in  this  derivation: 


Ayftnid)  ; 
Av  = 


Note  that  Av  =  Al>(mid)  when  the  amplifier  is  operated  above /C1  and  that  Av  <  Av(mid)  when 
the  amplifier  is  operated  below /C1. 

Earlier  in  the  text,  you  were  shown  that  the  ratio  of  amplifier  gain  to  its  midband  gain 
{A'v)  is  found  as 


. . . . . -  - _ -  . . - 


A*™,)  V 1  +  {fcfff 


(D.27) 


It  follows  that  two  amplifier  stages  with  identical  values  of  /C1  and  operated  at  the  same 
value  of/ will  have  values  of  A'v  that  are  equal.  By  formula. 


Ayi  =  a:2 


when  the  two  circuits  have  the  same  cutoff  frequency  and  are  at  the  same  operating 
frequency. 

Now,  recall  that  the  total  gain  of  n  cascaded  amplifier  stages  is  equal  to  the  product  of 
the  individual  stage  gain  values.  By  formula, 

Avt  =  (A„,)(Ay2)  •  •  •  (Am) 

The  same  relationship  holds  true  for  the  gain  ratios  of  the  individual  stages.  By  formula, 

'HI  (D.28) 

Now,  assuming  that  we  have  n  stages  with  equal  values  of  A'v,  the  value  of  A [,T  is  found  as 


AW  =  <AD" 


(D.29) 


where  A'v  =  the  gain  ratio  of  any  individual  stage.  Substituting  equation  (D.27)  into  equa¬ 
tion  (D.28)  gives  us 


(D.30) 
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A*  (vi  +  (/a//)2)- 


(D.31) 


Now,  when/  =  /cl  (the  lower  3  dB  point),  equation  (D.31)  simplifies  as  follows: 


If  we  set  A'vT  to  the  value  of  2I/2,  equation  (D.31)  can  be  rewritten  as 


,1/2 


Since  the  exponent  value  of  (1/2)  appears  on  both  sides  of  the  equation,  it  can  be  dropped 
completely,  leaving 


or 


2  = 


1  +  (/c.//)2 


(D.32) 


Finally,  solving  equation  (D.32)  for/yields 


or,  in  another  form, 


(D.33) 


This  is  equation  (14.43).  The  same  process  is  used  to  derive  equation  (14.42). 


Equation  (15.7) 

The  equation  for  the  instantaneous  voltage  at  any  point  on  a  sine  wave  is  given  as 


v  =  Vpk  sin  oit 


where  Vpk  =  the  peak  input  voltage 
a,  =  2ir/ 

t  =  the  time  from  the  start  of  the  cycle  to  the  instant  that  v  occurs 
If  we  differentiate  v  with  respect  to  t,  we  get 


dv 

dt 


u)  V'pk(cos  c at) 


Since  the  slew  rate  is  a  maximum  rating  of  a  given  op-amp  and  the  rate  of  change  in  a 
sine  wave  varies,  we  need  to  determine  the  point  at  which  the  rate  of  change  in  the  sine 
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wave  is  at  its  maximum  value.  This  point  occurs  when  the  sine  wave  passes  the  reference 
voltage,  or  at  t  =  0.  The  value  of  dv/dt  at  t  =  0  determines  the  maximum  operating  fre¬ 
quency  of  the  op-amp  as  follows: 


max  v  pk 


Finally,  this  equation  is  rearranged  into  the  form  of  equation  (15 .7): 


Equation  (15.24) 

The  value  of  vin  for  an  amplifier  with  feedback  can  be  given  as 


According  to  equation  (15.22), 


'Wife  ■  . 


Substituting  this  equation  for  vf  in  the  vjn  equation,  we  get 


Now,  equation  (D.34)  can  be  rewritten  to  solve  for  vs  as 


Since  vout  =  A„Vin,  we  can  rewrite  equation  (D.35)  as 


(D.34) 


(D.35) 


v,  -  vin(l  +  avA,) 


(D.36) 


Now,  Av  is  the  total  gain  of  the  feedback  amplifier  from  source  to  output.  By  formula, 


(D.37) 


Substituting  equation  (D.36)  for  vs  in  equation  (D.37)  gives  us 
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Equations  (17.23)  and  (17.25) 

We  start  these  proofs  with  an  assumption  that  can  be  seen  intuitively;  that  is,  for  any 
given  series  reactive-resistive  circuit,  there  exists  an  equivalent  parallel  reactive-resistive 
circuit.  These  two  circuits  are  represented  in  Figure  D.7.  All  this  assumption  does  is  let 
us  assume  that  it  is  possible  to  derive  a  parallel  equivalent  circuit  for  a  series  reactive- 
resistive  circuit. 


FIGURE  D.7 


For  the  series  circuit  shown  in  Figure  D.7, 


(D.38) 


~Rs±jXs 


(D.39) 


For  the  parallel  circuit  shown  in  Figure  D.7,  the  total  impedance  ( ZP )  is  found  as 


(D.40) 


If  we  multiply  the  right-hand  side  of  equation  (DAO)  by  1  in  the  form  of 


RP±)Xp 
Rr  ±  jXp 


we  get 


(D.41) 


Now,  refer  to  our  original  assumption  regarding  the  two  circuits  shown  in  Figure  D.7.  If 
these  two  circuits  are  equivalent  circuits,  then  the  total  impedance  of  the  two  circuits  must 
be  equal.  By  formula, 


Substituting  this  relationship  into  equation  (D.41)  gives  us 


(D.42) 
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Now,  if  we  substitute  equation  (D.39)  for  Zs  in  equation  (D.42),  we  get 


Rs  ±  jXs 


RfXl 

Ri  +  xl 


mm ; 


m 


xj 


(D.43) 


For  the  two  sides  of  equation  (D.43)  to  be  equal,  the  real  components  on  each  side  must 
be  equal,  and  the  imaginary  components  on  each  side  must  also  be  equal.  Therefore, 


RpXp 

Rs  ~  Rj  +  Xp 


(D.44) 


and 


XPR, 


pi\p 


Rj  +  Xj 


(D.45) 


Using  these  two  equations,  we  can  rewrite  equation  (D.38)  as 


and 


Q  =  —j  (D.46) 

XP 

Equation  (D.46)  will  be  used  to  prove  equation  (17.25)  at  the  end  of  this  proof.  For  now, 
we’ll  concentrate  on  equation  (D.45).  Using  the  relationship 


we  can  rewrite  equation  (D.45)  as 


*5 


1  +  (1/0)2 


(D.47) 


Since  tuned  amplifiers  are  high-Q  circuits,  it  is  safe  to  assume  that  (1  IQ)2  <s^  1.  Based  on 
this  assumption,  equation  (D.47)  simplifies  to 


XS  =  XP 


(D.48) 


Now,  we  can  rewrite  equation  (D.46)  as 

RP  =  QXp 


or,  using  equation  (D.48), 

RP  =  QXS 

Since  Xs  =  QRS  [from  equation  (D.38)],  we  can  solve  the  above  equation  as 

Rp  =  Q(QRS) 
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RP  -  Q2Rs  (D.49) 

Now,  let’s  relate  equations  (D.46)  and  (D.49)  to  the  LC  tuned  circuit.  In  an  LC  tuned 
circuit,  the  series  reactance  is  XL  and  the  series  resistance  is  Rw.  Replacing  Rs  in  equation 
(D.49)  with  Rw  gives  us 


RP  =  Q2Rw 


Finally,  replacing  XP  in  equation  (D.46)  with  XL  gives  us 


or 


Ql 

itssrtsii 


Rp  II  Rl 


X* 


when  a  load  is  connected  to  the  equivalent  parallel  circuit.  Of  course,  this  equation  is  the 
equivalent  of  equation  (17.25). 


Equation  (19.2) 

The  time  required  for  a  capacitor  to  charge  to  a  given  value  is  found  as 


t  =  RC 


In 


V .  V, 


cj 


(D.50) 


where  V  =  the  charging  voltage 

Vo  =  the  initial  charge  on  the  capacitor 
Vc  =  the  capacitor  charge  of  interest 

In  =  an  operator,  indicating  that  we  are  to  take  the  natural  log  of  the  fraction 

We  can  use  equation  (D.50)  to  find  the  time  required  for  Vc  to  reach  0.1  V  (10%  of  V)  as 
follows: 


f  V- 0 V  I 


In 


0.9V 


=  RC  [ln(l.ll)]  =  0.1  RC 


Now,  we  can  use  equation  (D.50)  to  find  the  time  required  for  Vc  to  reach  0.9V  (90%  of  V) 
as  follows: 


~1 

1 

o 

< 

r  v 

Siilliiiaiiiiia 

,-fiT'v-o.w_rRCi 

[>vj 

Since  rise  time  is  defined  as  the  time  for  Vc  to  fall  from  90%  of  its  maximum  value  to 
10%  of  its  maximum  value,  it  can  be  found  as 


tr  —  t( 90%)  —  2.3 RC  0.JRC  —  2.2RC  (D.51) 

Now,  the  upper  cutoff  frequency  of  a  given  RC  circuit  is  found  as 


1 

IttRC 
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Rewriting  the/^  equation,  we  get 


Substituting  this  equation  in  equation  (D.51),  we  get 


or 
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Glossary 


ac  beta  (pac  or  hfe).  The  ratio  of  ac  collector  current  to  ac  base 
current;  listed  on  specification  sheets  as  hfe. 

Acceptor  atoms.  Another  name  for  trivalent  atoms. 

ac  emitter  resistance  (r').  The  dynamic  resistance  of  the  tran¬ 
sistor  base-emitter  junction,  used  in  B  JT  amplifier  voltage  gain 
and  input  impedance  calculations. 

ac  equivalent  circuit.  A  representation  of  a  circuit  that  shows 
how  the  circuit  appears  to  an  ac  source. 

ac  load  line.  A  graph  that  represents  all  possible  combinations 
of  ic  and  vce. 

Active  filter.  A  tuned  op-amp  circuit. 

Active  region.  The  BJT  operating  region  between  saturation 
(maximum  7C)  and  cutoff  (minimum  7C). 

Adjustable  regulator.  A  regulator  whose  output  dc  voltage  can 
be  set  to  any  value  within  specified  limits. 

AM  detector.  A  diode  clipper  that  converts  a  varying  amplitude 
ac  input  to  a  varying  dc  level. 

Amplification.  The  process  of  increasing  the  power  of  an  ac 
signal. 

Amplifier.  A  circuit  used  to  increase  the  strength  of  an  ac  signal. 

Amplifier  input  impedance.  The  impedance  of  an  amplifier  as 
seen  by  its  source. 

Amplifier  output  impedance.  The  impedance  of  an  amplifier 
as  seen  by  its  load. 

Amplitude.  The  maximum  value  of  a  changing  voltage  or  current. 

Anode.  The  p-type  terminal  of  a  diode. 

Anode  current  interruption.  A  method  of  driving  an  SUS  into 
cutoff  by  breaking  the  diode  current  path  or  shorting  the  cur¬ 
rent  around  the  diode. 

Apparent  power.  The  combination  of  reactive  (imaginary) 
power  and  resistive  (true)  power.  The  geometric  sum  of  resis¬ 
tive  and  reactive  power;  measured  in  volt-amperes  (VA). 

Armstrong  oscillator.  An  oscillator  that  uses  a  transformer  in  its 
feedback  network  to  achieve  the  required  180°  voltage  phase 
shift. 

Astable  multivibrator.  A  switching  circuit  that  has  no  stable 
output  state.  A  square-wave  oscillator.  Also  called  a.  free- 
running  multivibrator. 

Attenuation.  Any  reduction  in  the  amplitude  of  a  signal. 

Attenuation  factor  (a,).  The  ratio  of  feedback  voltage  to  output 
voltage.  The  value  of  av  is  always  less  than  1. 

Audio  amplifier.  The  final  audio  stage  in  communications 
receivers;  used  to  drive  the  speakers. 


Avalanche  current.  The  current  that  occurs  when  VRRM  is 
reached.  Avalanche  current  can  generate  sufficient  heat  to 
destroy  a  pn-junction  diode. 

Average  current  (/ave).  The  dc  equivalent  of  an  alternating  cur¬ 
rent.  7ave  is  measured  with  a  dc  ammeter. 

Average  forward  current.  The  maximum  allowable  value  of  dc 
forward  current  for  a  diode. 

Average  on-state  current  (IT).  The  maximum  average  (dc)  for¬ 
ward  current  for  a  silicon-unilateral  switch  (SUS). 

Average  on-state  voltage  (Vr).  The  voltage  across  a  silicon- 
unilateral  switch  (SUS)  when  IF  =  IT. 

Average  voltage  (V,™,).  The  dc  equivalent  of  an  alternating 
voltage.  Vave  is  measured  with  a  dc  voltmeter. 

Averaging  amplifier.  A  summing  amplifier  that  provides  an 
output  proportional  to  the  average  of  the  input  voltage. 

Back-to-back  suppressor.  A  single  package  that  contains  two 
transient  suppressors  in  either  a  common-cathode  or  common- 
anode  configuration. 

Band.  Another  name  for  an  orbital  shell  (in  atomic  theory)  or  a 
range  of  frequencies  (in  frequency  analysis). 

Band-pass  filter.  A  filter  designed  to  pass  all  frequencies  that  fall 
between  its  lower  and  upper  cutoff  frequencies  ( fcl  and/a). 

Band-stop  (notch)  filter.  A  filter  designed  to  block  (attenuate) 
all  frequencies  that  fall  between  its  lower  and  upper  cutoff  fre¬ 
quencies  (/Ci  and/ra). 

Bandwidth  (BW).  The  range  of  frequencies  over  which  gain  is 
relatively  constant. 

Barkhausen  criterion.  The  relationship  between  the  circuit 
feedback  factor  (av)  and  voltage  gain  (Av)  for  proper  oscillator 
operation. 

Barrier  potential.  The  natural  potential  across  a  pn  junction. 

Base.  One  of  three  bipolar  junction  transistor  (BJT)  terminals. 
The  other  two  are  the  collector  and  the  emitter. 

Base  bias.  A  BJT  biasing  circuit  that  consists  of  a  single  base 
resistor  between  the  base  terminal  and  Ucc  and  no  emitter 
resistor.  Also  known  as  fixed  bias. 

Base  current  (7S).  Current  that  can  be  varied  to  control  the 
emitter  current  ( IE )  and  collector  current  (7C). 

Base  curve.  A  curve  illustrating  the  relationship  between  IB  and 
Vbe- 

Base  cutoff  current  ( IBL ).  The  maximum  amount  of  current 
through  a  reverse-biased  emitter-base  junction. 


Base-emitter  junction.  One  of  two  pn  junctions  that  make  up 
the  bipolar  junction  transistor.  The  other  is  the  collector-base 
junction. 

Base-emitter  saturation  voltage  (VBEisat)).  The  rated  value  of 
Vbe  for  a  transistor  in  saturation. 

Bessel  filter.  A  filter  designed  to  provide  a  constant  phase  shift 
across  its  pass  band. 

Beta  (P).  A  Greek  letter  often  used  to  represent  the  base-to- 
collector  current  gain  of  a  bipolar  junction  transistor. 

Beta  curve.  A  curve  that  shows  the  relationship  between  beta 
and  temperature  and/or  collector  current. 

Beta-dependent  circuit.  A  circuit  with  0- point  values  that  are 
affected  by  changes  in  hFE. 

Beta-independent  circuit.  A  circuit  with  (/-point  values  that 
are  not  affected  significantly  by  changes  in  hFE. 

Bias.  A  potential  applied  to  a  pn  junction  to  obtain  a  desired 
mode  of  operation. 

Biased  clamper.  A  clamper  that  allows  a  waveform  to  be  shifted 
above  or  below  a  dc  reference  other  than  0  V. 

Biased  clipper.  A  shunt  clipper  that  uses  a  dc  biasing  source  to 
set  the  limit(s)  on  the  circuit  output  voltage. 

Bidirectional  thyristor.  A  thyristor  capable  of  conducting  in 
two  directions. 

Biomedical  electronics.  The  area  of  electronics  that  deals  with 
medical  test  and  treatment  equipment. 

Bipolar  junction  transistor  (BJT).  A  three-terminal  solid-state 
device  whose  output  current,  voltage,  and/or  power  are  nor¬ 
mally  controlled  by  its  input  current. 

Bistable  multivibrator.  A  switching  circuit  with  two  stable  out¬ 
put  states.  Also  called  a  flip-flop. 

Bode  plot.  An  idealized  frequency-response  curve  that  assumes 
AAp(mid)  is  zero  until  the  cutoff  frequency  is  reached. 

Breakdown  voltage  (VBR).  The  peak  or  dc  reverse  voltage  that 
will  drive  a  transient  suppressor  into  its  reverse  breakdown 
(zener)  operating  region.  The  value  of  reverse  voltage  that 
forces  a  pn  junction  to  conduct  in  the  reverse  direction. 

Bridge  rectifier.  A  four-diode  rectifier  used  to  control  the  direc¬ 
tion  of  conduction  through  a  load.  It  is  the  most  commonly 
used  of  the  various  power-supply  rectifier  circuits. 

Buffer.  A  circuit  used  to  compensate  for  an  impedance  mis¬ 
match  between  a  source  and  its  load.  A  switching  circuit  that 
does  not  produce  a  voltage  phase  shift. 

Bulk  resistance.  The  natural  resistance  of  a  forward-biased 
diode. 

Butterworth  filter.  An  active  filter  characterized  by  a  flat  pass- 
band  response  and  20  dB/decade/pole  roll-off  rate. 

Bypass  capacitor.  A  capacitor  used  to  establish  an  ac  ground  at 
a  specific  point  in  a  circuit. 

Calibration  resistor.  A  variable  resistor  used  to  adjust  for 
minor  variations  in  gain. 

Capacitance  ratio  (CR).  The  factor  by  which  the  capacitance  of 
a  varactor  varies  from  one  value  of  VR  to  another. 

Capacitive  filter.  A  power-supply  filter  that  uses  one  or  more 
capacitors  to  oppose  any  variations  in  load  voltage.  See  also 
Inductive  filter. 

Cascaded.  A  term  meaning  connected  in  series. 

Cascaded  amplifiers.  Amplifiers  connected  in  series.  Each 
amplifier  in  the  circuit  is  referred  to  as  a  stage. 

Cascode  amplifier.  A  low-Cin  amplifier  used  in  high-frequency 
applications. 

Cathode.  The  n-type  terminal  of  a  diode. 

Center-tapped  transformer.  A  transformer  with  an  output  lead 
connected  to  the  center  of  the  secondary  winding. 


Channel.  The  material  that  connects  the  source  and  drain  termi¬ 
nals  of  an  FET. 

Chebyshev  filter.  An  active  filter  characterized  by  an  irregular 
pass-band  response  and  high  initial  roll-off  rates. 

Circuit  fusing  (I2t).  A  rating  that  indicates  the  maximum  for¬ 
ward  surge  current  capability  of  an  SCR. 

Clamper.  A  diode  circuits  that  is  used  to  set  (or  restore)  the  dc 
reference  of  a  waveform.  Also  referred  to  as  a  dc  restorer. 

Clamping  voltage  (Vc).  The  rated  reverse  voltage  across  a  tran¬ 
sient  suppressor  when  it  is  conducting. 

Clapp  oscillator.  A  Colpitts  oscillator  with  an  added  capacitor 
(in  series  with  the  feedback  inductor)  used  to  reduce  the  effects 
of  stray  capacitance. 

Class  A  amplifier.  An  amplifier  with  a  single  transistor  that 
conducts  throughout  the  entire  input  cycle. 

Class  AB  amplifier.  An  amplifier  that  contains  two  (or  more) 
transistors,  each  conducting  for  slightly  more  than  1 80°  of  the 
input  cycle. 

Class  B  amplifier.  An  amplifier  with  two  transistors  that  each 
conduct  for  1 80°  of  the  input  cycle. 

Class  C  amplifier.  An  amplifier  with  one  transistor  that  con¬ 
ducts  during  less  than  180°  of  the  input  cycle. 

Clipper.  A  diode  circuit  that  is  used  to  eliminate  some  portion(s) 
of  a  waveform.  Also  referred  to  as  a  limiter. 

Closed-loop  voltage  gain  (Aa).  The  voltage  gain  of  an  op-amp 
with  a  feedback  path;  always  lower  than  the  value  of  AOL. 

Coarse  tuning.  A  control  that  allows  you  to  tune  a  circuit  or 
system  over  a  wide  range  of  frequencies.  See  also  Fine  tuning. 

Collector.  One  of  the  three  terminals  of  a  bipolar  junction  tran¬ 
sistor  (BJT).  The  other  two  are  the  base  and  the  emitter. 

Collector-base  junction.  One  of  two  pn  junctions  that  make  up 
the  bipolar  junction  transistor  (BJT).  The  other  is  the  base- 
emitter  junction. 

Collector  biasing  voltage  (Vcc).  A  dc  supply  voltage  connected 
to  the  collector  of  a  bipolar  junction  transistor  (BJT)  as  part  of 
its  biasing  circuitry. 

Collector  bypass  capacitor.  See  Decoupling  capacitor. 

Collector  characteristic  curve.  A  curve  that  relates  the  values 
of  lc ,  /a,  and  VCE  for  a  given  transistor. 

Collector  current  (/c).  One  of  the  three  terminal  currents  of  a 
bipolar  junction  transistor  (BJT). 

Collector  cutoff  current  (ICo  or  fex)-  The  maximum  value  of 
Ic  through  a  cutoff  transistor. 

Collector-emitter  saturation  voltage  (VCE(sat)).  The  rated  value 
of  V ce  when  the  transistor  is  in  saturation. 

Collector-feedback  bias.  A  bias  circuit  that  is  constructed  so 
that  the  collector  voltage  (Vc)  has  a  direct  effect  on  the  base 
voltage  (VB). 

Colpitts  oscillator.  An  oscillator  that  uses  a  pair  of  tapped 
capacitors  and  an  inductor  to  produce  the  180°  phase  shift  in 
the  feedback  network. 

Common-anode  display.  A  display  in  which  all  LED  anodes 
are  tied  to  a  single  pin. 

Common-base  amplifier.  A  BJT  amplifier  that  provides  voltage 
and  power  gain. 

Common-cathode  display.  A  display  in  which  all  LED  cath¬ 
odes  are  tied  to  a  single  pin. 

Common-collector  amplifier.  A  BJT  amplifier  that  provides 
current  and  power  gain.  Also  called  an  emitter-follower. 

Common-drain  amplifier.  The  JFET  counterpart  of  a  common- 
collector  amplifier.  It  is  also  referred  to  as  a  source  follower. 

Common-emitter  amplifier.  The  only  BJT  amplifier  with  a 
180°  voltage  phase  shift  from  input  to  output. 
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Common-gate  amplifier.  The  JFET  counterpart  of  a  common- 
base  amplifier. 

Common-mode  gain  ( ACM ).  The  gain  a  differential  amplifier 
provides  to  common-mode  signals;  typically  less  than  1. 

Common-mode  rejection  ratio  (CMRR).  The  ratio  of  differen¬ 
tial  gain  to  common-mode  gain. 

Common-mode  signals.  Identical  signals  that  appear  simultane¬ 
ously  at  the  two  inputs  of  an  op-amp. 

Common-source  amplifier.  The  JFET  counterpart  of  a  common- 
emitter  amplifier. 

Comparator.  A  circuit  used  to  compare  two  voltages. 

Compensating  diodes.  Diodes  used  in  the  bias  circuit  of  a  class 
AB  amplifier  with  forward  voltage  ratings  that  match  the  tran¬ 
sistor  VBE  ratings. 

Compensating  resistor.  A  resistor  connected  to  the  noninvert¬ 
ing  input  to  an  op-amp  to  compensate  for  differences  in  the 
input  currents. 

Complementary  MOS  (CMOS).  A  logic  family  made  up  of 
MOSFETs. 

Complementary-symmetry  amplifier.  A  class  B  circuit  config¬ 
uration  using  complementary  transistors.  Also  called  a  push- 
pull  emitter  follower. 

Complementary  transistors.  Two  bipolar  junction  transistors, 
one  npn  and  one  pnp,  that  have  nearly  identical  electrical  char¬ 
acteristics  and  ratings. 

Compliance.  The  limit  that  the  output  circuit  of  an  amplifier 
places  on  its  peak-to-peak  output  voltage. 

Conduction  angle.  For  a  phase  controller,  the  portion  of  the 
input  waveform  (in  degrees)  that  is  coupled  to  the  load. 

Conduction  band.  The  energy  band  outside  the  valence  shell. 

Constant-current  diode.  A  diode  that  maintains  a  relatively 
constant  device  current  over  a  wide  range  of  forward  operating 
voltages. 

Constant-current  region.  The  region  of  the  JFET  operating 
curve  (between  VP  and  VBR)  where  drain  current  remains  con¬ 
stant  for  fixed  values  of  Vas. 

Counter  emf.  A  voltage  developed  across  a  coil  as  its  magnetic 
field  collapses.  The  polarity  of  the  voltage  is  the  opposite  of 
the  voltage  that  originally  generated  the  magnetic  field. 

Coupling  capacitor.  A  capacitor  connected  between  amplifier 
stages  to  provide  dc  isolation  between  the  stages  while  allow¬ 
ing  the  ac  signal  to  pass  without  distortion. 

Covalent  bonding.  A  means  by  which  atoms  are  held  together. 
In  a  covalent  bond,  shared  electrons  hold  the  atoms  together. 

Critical  rise  ( dv/dt ).  The  maximum  rate  of  increase  in  VAK  for 
an  SCR  that  will  not  cause  false  triggering. 

Crossover  distortion.  Distortion  caused  by  class  B  transistor 
biasing.  It  occurs  during  the  zero-crossing  of  the  input,  when 
neither  of  the  transistors  is  fully  conducting. 

Crossover  network.  A  circuit  designed  to  separate  high- 
frequency  audio  from  low-frequency  audio. 

Crowbar.  An  SCR  circuit  used  to  protect  a  voltage-sensitive 
load  from  excessive  dc  power  supply  output  voltages. 

Crystal-controlled  oscillator.  An  oscillator  that  uses  a  quartz 
crystal  to  produce  an  extremely  stable  output  frequency. 

Current-controlled  resistance.  Any  resistance  whose  value  is 
determined  by  the  value  of  a  controlling  current. 

Current  feedback.  A  type  of  feedback  that  uses  a  portion  of  the 
output  current  from  a  circuit  to  control  the  circuit’s  operating 
characteristics. 

Current  gain.  The  factor  by  which  current  increases  from  the 
base  of  a  BJT  to  its  collector.  The  ratio  of  output  current  to 
input  current  for  a  component  or  circuit. 


Current  gain-bandwidth  product.  The  frequency  at  which 
BJT  current  gain  drops  to  unity.  Also  referred  to  as  beta  cutoff 

frequency. 

Current-limiting  resistor  ( Rs ).  A  resistor  place  in  series  with  a 
component  to  limit  the  current  through  that  component. 

Current  regulator  diode.  Another  name  for  a  constant-current 

diode. 

Current-source  bias.  A  JFET  biasing  circuit  that  uses  a  BJT  to 
maintain  a  constant  value  of  drain  current  (ID). 

Cutoff.  A  BJT  operating  state  where  Ic  is  nearly  zero. 

Cutoff  clipping.  A  type  of  distortion  caused  by  driving  a  tran¬ 
sistor  into  cutoff. 

Cutoff  frequencies.  The  frequencies  at  which  the  power  gain 
( Ap )  of  an  amplifier  is  reduced  to  50%  of  its  midband  value. 

Cycle  time  (Tc).  For  a  sine  wave,  the  time  required  for  one  360° 
rotation.  For  a  rectangular  wave,  the  sum  of  pulse  width  and 
space  width. 

Damping.  The  fading  and  loss  of  oscillations  that  occurs  when 
a„A„  <  1.  See  Barkhausen  criterion. 

Dark  current  (/c).  The  reverse  current  through  a  photodiode 
with  no  active  light  input. 

Darlington  emitter-follower.  An  emitter  follower  that  uses  a 
specific  two-transistor  configuration  to  provide  higher  values 
of  current  gain  and  input  impedance  than  can  be  obtained 
using  a  single  transistor. 

Darlington  pair.  A  two-transistor  configuration  used  to  provide 
extremely  high  current  gain  and  input  impedance.  The  emitter 
of  the  input  transistor  is  connected  to  the  base  of  the  output 
transistor,  and  the  collectors  of  the  two  are  tied  together. 

Darlington  pass-transistor  regulator.  A  series  regulator  that 
uses  a  Darlington  pair  in  place  of  a  single  pass-transistor. 

dBm  reference.  The  ratio  of  a  power  value  to  one  milliwatt 
(1  mW),  given  as  10  times  the  common  log  of  the  ratio. 

dB  power  gain.  The  ratio  of  circuit  output  power  to  input 
power,  equal  to  1 0  times  the  common  log  of  that  ratio. 

dB  voltage  gain.  The  ratio  of  output  voltage  to  input  voltage, 
given  as  20  times  the  common  log  of  the  ratio. 

dc  alpha  (a).  The  ratio  of  dc  collector  current  to  dc  emitter 
current. 

dc  amplifier.  Any  amplifier  that  exhibits  midband  gain  at 
0  Hz. 

dc  beta  (pdc  or  hFE).  The  ratio  of  dc  collector  current  to  dc  base 
current. 

dc  blocking  voltage.  The  maximum  allowable  value  of  reverse 
voltage  for  a  given  /w -junction  diode.  Also  referred  to  as  peak 
reverse  voltage. 

dc  load  line.  A  graph  of  all  possible  combinations  of  Ic  and  Vce 
for  a  given  amplifier. 

dc  power  dissipation  rating.  See  Maximum  steady-state  power 
dissipation  rating. 

dc  reference  voltage.  A  dc  voltage  used  to  determine  the  input 
signal  level  that  will  trigger  a  circuit  such  as  a  comparator  or 
Schmitt  trigger. 

dc  restorer.  See  Clamper. 

dc-to-dc  converter.  A  switching  voltage  regulator  used  to 
change  one  dc  voltage  level  to  another. 

Decade.  A  frequency  multiplier  equal  to  10. 

Decibel.  A  logarithmic  unit  used  to  express  the  ratio  of  one 
value  to  another. 

Decoder-driver.  An  IC  used  to  drive  a  multisegment  display. 

Decoupling  capacitor.  A  capacitor  connected  between  Vcc  and 
ground  (in  parallel  with  the  dc  power  supply). 
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Delay  time  ( td ).  The  time  required  for  a  BJT  to  come  out  of  cut¬ 
off  when  provided  with  a  pulse  input.  In  terms  of  Ic,  it  is  the 
time  required  for  Ic  to  reach  10%  of  its  maximum  value. 

Depletion  layer.  The  area  around  a  pn  junction  that  is  depleted 
of  free  carriers.  Also  called  the  depletion  region. 

Depletion-mode  operation.  Using  an  input  voltage  to  effec¬ 
tively  decrease  the  channel  size  of  an  FET. 

D-MOSFET.  A  MOSFET  that  can  be  operated  in  both  the 
depletion  mode  and  the  enhancement  mode. 

Designator  code.  An  IC  code  that  indicates  circuit  type  and 
operating  temperature  range. 

Diac.  A  two-terminal,  three-layer  device  with  forward  and 
reverse  characteristics  that  are  identical  to  the  forward  charac¬ 
teristics  of  the  silicon  unilateral  switch  (SUS). 

Differential  amplifier.  A  circuit  that  amplifies  the  difference 
between  two  input  voltages.  The  input  circuit  of  the  op-amp, 
driven  by  the  inverting  and  noninverting  inputs. 

Differentiator.  A  circuit  whose  output  is  proportional  to  the  rate 
of  change  of  its  input  signal. 

Diffusion  current.  The  current  that  “wanders”  across  a  pn  junc¬ 
tion  in  the  process  of  increasing  or  decreasing  in  size.  The 
value  of  junction  forward  current  when  diode  voltage  is  less 
than  VF. 

Digital  circuit.  A  circuit  designed  to  respond  to  specific  alter¬ 
nating  dc  voltage  levels. 

Digital  communications.  A  method  of  transmitting  and  receiving 
information  in  digital  form. 

Digital-to-analog  (D/A)  converter.  A  circuit  that  converts  digi¬ 
tal  circuit  outputs  to  equivalent  analog  voltages. 

Diode.  A  two-terminal  device  that  acts  as  a  one-way  conductor. 

Diode  bias.  A  complementary-symmetry  amplifier  biasing  cir¬ 
cuit  that  uses  two  diodes  in  place  of  the  resistor(s)  between  the 
two  transistors.  See  Class  AB  amplifier. 

Diode  capacitance  (C,).  The  rated  value  (or  range)  of  capaci¬ 
tance  for  a  varactor  at  a  specified  value  of  VK. 

Diode  capacitance  temperature  coefficient  (TCc).  A  multiplier 
used  to  determine  the  amount  by  which  varactor  capacitance 
changes  when  temperature  changes. 

Discrete  components.  A  term  used  to  describe  devices  that  are 
packaged  in  individual  casings. 

Distortion.  Any  unwanted  change  in  the  shape  of  an  ac  signal. 

Donor  atoms.  Another  name  for  pentavalent  atoms. 

Doping.  Adding  impurity  elements  to  intrinsic  semiconductors 
to  improve  their  conductivity. 

Drain.  The  JFET  counterpart  of  the  BIT  collector. 

Drain-feedback  bias.  The  MOSFET  counterpart  of  collector- 
feedback  bias. 

Drift.  A  change  in  tuning  caused  by  component  aging. 

Driver.  A  circuit  used  to  couple  a  low-current  output  to  a  rela¬ 
tively  high-current  device. 

Dual-gate  MOSFET.  A  MOSFET  constructed  with  two  gates 
to  reduce  gate  input  capacitance. 

Dual-polarity  power  supply.  A  dc  supply  that  provides  both 
positive  and  negative  dc  output  voltages. 

Dual-tracking  regulator.  A  regulator  that  provides  equal  +dc 
and  —  dc  output  voltages. 

Duty  cycle.  The  ratio  of  pulse  width  (PW)  to  cycle  time  ( Tc ), 
measured  as  a  percentage. 

Efficiency  (iq).  The  percentage  of  the  power  drawn  from  the  dc 
power  supply  that  an  amplifier  actually  transfers  to  its  load. 
The  ratio  of  ac  load  power  to  dc  input  power  for  an  amplifier 
(or  other  circuit). 


Electrical  characteristics.  The  guaranteed  operating  character¬ 
istics  of  a  device,  listed  on  its  specification  sheet. 

Electron-hole  pair.  A  free  electron  and  its  matching  valence 
band  hole. 

Electronic  tuning.  Using  voltage-controlled  or  programmable 
devices  to  control  the  tuning  of  a  circuit. 

Electron-volt  (eV).  The  energy  absorbed  by  an  electron  when  it 
is  subjected  to  a  1  V  difference  of  potential. 

Emitter.  One  of  the  three  terminals  of  a  bipolar  junction  transis¬ 
tor  (BIT).  The  other  two  are  the  base  and  the  collector. 

Emitter  bias.  A  BIT  bias  circuit  that  contains  a  dual-polarity 
power  supply  and  a  grounded  base  resistor. 

Emitter  current  (/B).  One  of  the  three  terminal  currents  of  a 
bipolar  junction  transistor  (BJT). 

Emitter-feedback  bias.  A  biasing  circuit  that  is  designed  so 
that  the  emitter  voltage  (VE)  has  a  direct  effect  on  the  base 
voltage  (Vs). 

Emitter  follower.  See  Common-collector  amplifier. 

E-MOSFET.  A  MOSFET  that  is  restricted  to  enhancement¬ 
mode  operation. 

Energy  gap.  The  difference  between  the  energy  levels  of  any 
two  orbital  shells. 

Enhancement-mode  operation.  Using  an  input  voltage  to 
effectively  increase  the  channel  size  of  an  FET. 

Epicap.  Another  name  for  a  varactor. 

Extrinsic.  Another  word  for  impure. 

Fall  time  (tf).  The  time  required  for  a  BJT  to  make  the  transition 
from  saturation  to  cutoff.  The  time  required  for  lc  to  drop  from 
90%  to  10%  of  its  maximum  value. 

False  triggering.  When  a  noise  signal  triggers  an  SCR  into 
conduction. 

Fanout.  For  a  given  logic  family,  the  number  of  inputs  that  can 
be  driven  by  a  single  output. 

Feedback.  A  circuit  connection  that  “feeds”  a  portion  of  the 
output  voltage  or  current  back  to  the  input  to  control  the  cir¬ 
cuit’s  operating  characteristics. 

Feedback  bias.  A  term  used  to  describe  a  circuit  that  “feeds”  a 
portion  of  the  output  voltage  or  current  back  to  the  input  to 
control  the  circuit  operation. 

Feedback  factor  (1  +  avAOL).  A  value  used  in  the  gain  and 
impedance  calculations  for  a  given  negative-feedback  amplifier. 

Feedback  path.  A  signal  path  from  the  output  of  an  amplifier 
back  to  the  input. 

Fidelity.  The  ability  of  a  circuit  to  accurately  reproduce  a  wave¬ 
form. 

Field-effect  transistor  (FET).  A  three-terminal,  voltage-controlled 
device  used  in  amplification  and  switching  applications. 

Filter.  A  circuit  that  reduces  the  variations  in  the  output  of  a 
rectifier. 

Fine  tuning.  A  control  that  allows  you  to  tune  a  circuit  or  sys¬ 
tem  within  a  narrow  band  of  frequencies.  It  is  used  to  select 
one  out  of  a  limited  range  of  frequencies. 

Firing  angle.  For  a  phase  controller,  the  point  on  the  input 
waveform  (in  degrees)  at  which  the  SCR  (or  triac)  fires,  allow¬ 
ing  load  conduction  to  begin. 

555  timer.  An  8-pin  IC  designed  for  use  in  a  variety  of  switch¬ 
ing  applications. 

Fixed  bias.  See  Base  bias. 

Fixed-negative  regulator.  A  regulator  with  a  set  negative  dc 
output  voltage. 

Fixed-positive  regulator.  A  regulator  with  a  set  positive  dc  out¬ 
put  voltage. 
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Flip-flop.  A  bistable  multivibrator,  a  circuit  with  two  stable  out¬ 
put  states. 

Flywheel  effect.  A  term  used  to  describe  the  ability  of  a  parallel 
LC  circuit  to  self-oscillate  for  a  brief  period  of  time. 

Forced  commutation.  Driving  an  SUS  into  cutoff  by  applying  a 
reverse  voltage  to  the  device. 

Forward  bias.  A  potential  used  to  reduce  the  resistance  of  a  pn 
junction. 

Forward  blocking  region.  The  off-state  (nonconducting)  region 
of  operation  for  a  thyristor. 

Forward  breakover  current  ( IBr{f ))•  The  value  of  IF  at  the 
point  where  breakover  occurs  for  a  given  thyristor. 

Forward  breakover  voltage  (VBs(R)).  The  value  of  forward 
voltage  that  forces  an  SUS  into  conduction.  The  value  of  VF  at 
the  point  where  breakover  occurs. 

Forward  gate  current  (/g(f>)-  The  maximum  amount  of  current 
that  can  be  drawn  through  the  JFET  gate  without  damaging  the 
device. 

Forward  operating  region.  The  on-state  (conducting)  region  of 
device  operation. 

Forward  power  dissipation  (PD( max)).  A  rating  that  indicates 
the  maximum  allowable  power  dissipation  of  a  forward-biased 
device. 

Forward  voltage  (Ff).  The  voltage  across  a  forward-biased  pn 
junction. 

Free-running  multivibrator.  Another  name  for  the  astable 
multivibrator. 

Frequency-response  curve.  A  curve  showing  the  relationship 
between  gain  and  operating  frequency. 

Full  load.  A  term  used  to  describe  a  minimum  load  resistance 
that  draws  maximum  current. 

Full  -wave  rectifier.  A  power  supply  circuit  that  converts  ac  to 
pulsating  dc.  The  full-wave  rectifier  provides  two  half-cycle 
outputs  for  each  full  cycle  input. 

Full-wave  voltage  doubler.  A  circuit  that  produces  a  dc  output 
that  is  twice  the  peak  value  of  a  sinusoidal  input.  The  term  fiill- 
wave  indicates  that  the  entire  input  cycle  is  used  to  produce  the 
dc  output. 

Fundamental  frequency.  The  lowest  frequency  in  any  group  of 
harmonically  related  frequencies.  The  resonant  frequency  of  a 
crystal  or  circuit. 

Gain.  A  multiplier  that  exists  between  the  input  and  output  of  a 
circuit.  The  ratio  of  an  output  value  to  its  corresponding  input 
value. 

Gain-bandwidth  product.  A  constant  equal  to  the  unity-gain 
frequency  of  an  op-amp. 

Gain-stabilized  amplifier.  An  amplifier  that  uses  a  partially 
bypassed  emitter  (or  source)  resistance  to  stabilize  its  voltage 
gain  against  changes  in  device  parameters.  Also  referred  to  as  a 
swamped  amplifier. 

Gate.  The  JFET  counterpart  of  the  BJT  base. 

Gate  bias.  The  JFET  counterpart  of  BJT  base  bias. 

Gate  nontrigger  voltage  ( VGD ).  The  maximum  gate  voltage 
that  can  be  applied  to  an  SCR  without  triggering  the  device 
into  conduction. 

Gate  reverse  current  (loss)-  The  maximum  amount  of  current 
that  can  be  generated  through  a  reverse-biased  gate-source 
junction  at  the  rated  value  of  VGS. 

Gate-source  breakdown  voltage  (V unless)-  The  value  of  Vcs 
that  can  cause  the  gate-source  junction  to  break  down. 

Gate-source  cutoff  voltage  The  value  of  Vas  that 

reduces  ID  to  approximately  zero. 


Gate  trigger  voltage  (VGT).  The  value  of  VGK  that  generates 
sufficient  gate  current  (/G)  to  trigger  an  SCR  into  conduction. 

General  amplifier  model.  An  amplifier  model  that  represents 
the  circuit  as  one  having  gain,  input  impedance,  and  output 
impedance.  It  is  used  to  show  how  the  circuit  is  affected  by  its 
source  and  load. 

General-class  equation.  An  equation  derived  for  a  summing 
amplifier  that  is  used  to  predict  the  output  voltage  for  any  com¬ 
bination  of  input  voltages. 

Geometric  center  frequency  (/„).  The  geometric  average  of  /C1 

and/c2. 

Germanium.  One  of  the  semiconductor  materials  commonly 
used  to  produce  solid-state  devices.  Another  is  silicon. 

Graphic  equalizer.  A  circuit  or  system  designed  to  allow 
you  to  control  the  amplitude  of  different  audio-frequency 
ranges. 


Half-wave  rectifier.  A  power  supply  circuit  that  converts  ac  to 
pulsating  dc.  The  half-wave  rectifier  produces  one  half-cycle 
output  for  each  full-cycle  input. 

Half-wave  voltage  doubler.  A  circuit  that  produces  a  dc  output 
approximately  equal  to  twice  its  peak  input  voltage.  The  name 
is  derived  from  the  fact  that  the  output  capacitor  is  charged 
during  one-half  of  the  input  cycle. 

Harmonic.  A  whole  number  multiple  of  a  given  frequency. 

Hartley  oscillator.  An  oscillator  that  uses  a  tapped  inductor 
(pair)  and  a  parallel  capacitor  in  its  feedback  network  to  pro¬ 
duce  the  180°  voltage  phase  shift  required  for  oscillation. 

Heat  sink.  A  large  metallic  object  that  helps  to  cool  components 
by  increasing  their  effective  surface  area. 

Heat-sink  compound.  A  compound  used  to  aid  in  the  transfer 
of  heat  from  a  component  to  a  heat  sink. 

hfe-  A  label  used  to  represent  the  base-to-collector  ac  current 
gain  (ac  beta)  of  a  BJT. 

hFE.  A  label  used  to  represent  the  dc  current  gain  of  a  BJT.  The 
ratio  of  BJT  collector  current  to  base  current. 

hie.  A  label  used  to  represent  the  input  (base-to-emitter)  imped¬ 
ance  of  a  BJT. 

High  -current  transistor.  A  BJT  with  a  high  maximum  Ic  rating. 

High-pass  filter.  A  filter  designed  to  pass  all  frequencies  above 
a  given  cutoff  frequency. 

High-power  transistor.  A  BJT  with  a  high  power  dissipation 
rating. 

High-voltage  transistor.  A  BJT  with  a  high  reverse  breakdown 
voltage  rating. 

hoe.  A  label  used  to  represent  the  output  (collector-to-emitter) 
impedance  of  a  BJT. 

Holding  current  (In).  The  minimum  value  of  IF  required  to 
maintain  conduction  through  a  thyristor. 

Hole.  A  gap  in  a  covalent  bond. 

Hot-carrier  diode.  Another  name  for  the  Schottky  diode. 

^-Parameters.  See  Hybrid  parameters. 

Hybrid  parameters  (/(-parameters).  Transistor  specifications 
that  describe  the  operation  of  small-signal  circuits  under  full¬ 
load  or  no-load  conditions. 

Hysteresis.  A  term  that  is  sometimes  used  to  describe  the  range  of 
voltages  between  the  UTP  and  LTP  values  of  a  Schmitt  trigger. 

Icq-  The  g-point  value  of  Ic. 

Ideal  voltage  amplifier.  A  theoretical  voltage  amplifier  having 
infinite  gain,  input  impedance,  and  bandwidth,  and  zero  output 
impedance. 
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Inductive  filter.  A  power  supply  filter  that  uses  one  or  more 
inductors  to  oppose  any  variations  in  load  current.  See  also 
Capacitive  filter. 

Industrial  electronics.  The  area  of  electronics  that  deals  with 
the  devices,  circuits,  and  systems  used  in  manufacturing. 

Input  bias  current.  The  average  value  of  quiescent  dc  biasing 
current  drawn  by  the  signal  inputs  of  an  op-amp. 

Input  impedance.  The  load  that  an  amplifier  places  on  its 
source.  The  opposition  to  current  provided  by  the  input  to  a 
circuit. 

Input  offset  current.  A  slight  difference  in  op-amp  input  cur¬ 
rents,  caused  by  differences  in  the  transistor  beta  ratings. 

Input  offset  voltage  (Vio).  The  difference  between  the  base- 
emitter  voltages  in  a  differential  amplifier  that  produces  an 
output  offset  voltage  when  the  signal  inputs  are  grounded. 

Input/output  voltage  differential.  The  maximum  allowable 
difference  between  Vin  and  VOM  for  a  voltage  regulator. 

Input  voltage  range.  The  maximum  differential  input  that  an 
op-amp  can  accept  without  risking  damage  to  its  input  differ¬ 
ential  amplifier. 

Instrumentation  amplifier.  A  circuit  used  to  amplify  low-level 
signals  in  process  control  or  measurement  applications. 

Integrated  circuit  (IC).  An  entire  circuit  (or  group  of  compo¬ 
nents)  constructed  on  a  single  piece  of  semiconductor  material. 
It  contains  any  number  of  active  and/or  passive  components. 

Integrated  rectifier.  A  power  supply  rectifier  that  is  constructed 
on  a  single  piece  of  semiconductor  material  and  housed  in  a 
single  package. 

Integrated  transistor.  A  group  of  transistors  having  identical 
characteristics  that  are  constructed  on  a  single  piece  of  semi¬ 
conductor  material  and  housed  in  a  single  package. 

Integrator.  A  circuit  whose  output  is  proportional  to  the  area  of 
the  input  waveform. 

Interbase  resistance  (t|).  The  resistance  between  the  base  ter¬ 
minals  of  a  unijunction  transistor  (UJT),  measured  with  the 
emitter-base  junction  reverse  biased. 

Intrinsic.  Another  word  for  pure. 

Intrinsic  standoff  ratio  (tj).  The  ratio  of  emitter-base  1  resis¬ 
tance  to  the  total  interbase  resistance  of  a  UJT. 

Inverter.  A  basic  switching  circuit  that  produces  a  180°  voltage 
phase  shift.  A  logic-level  converter. 

Inverting  amplifier.  A  basic  op-amp  circuit  that  produces 
a  180°  signal  phase  shift.  The  op-amp  counterpart  of  the 
common-emitter  and  common-source  circuits. 

Inverting  input.  The  op-amp  input  that  produces  a  180°  volt¬ 
age  phase  shift  (from  input  to  output)  when  used  as  a  signal 
input. 

Irradiance.  See  Light  intensity. 

Isolation  capacitance  ( CISO ).  The  total  capacitance  between  the 
input  and  output  pins  of  an  optoisolator. 

Isolation  current  (//so)-  The  amount  of  current  that  can  be 
forced  between  the  input  and  output  pins  of  an  optoisolator  at 
the  rated  voltage. 

Isolation  resistance  ( R/SO ).  The  total  resistance  between  the 
input  and  output  pins  of  an  optoisolator. 

Isolation  source  voltage  (V/so)-  The  voltage  that,  if  applied 
across  the  input  and  output  pins,  will  destroy  an  optoisolator. 

Isolation  transformer.  A  transformer  with  a  1:1  turns  ratio  that 
is  used  to  provide  electrical  isolation  between  two  electronic 
circuits  or  systems. 

Junction  capacitance.  The  capacitance  of  a  reverse-biased  pn 
junction.  This  capacitance  decreases  when  the  amount  of 
reverse  bias  increases,  and  vice  versa. 


Kick  emf.  See  Counter  emf. 

Knee  voltage  (V*).  The  point  on  a  current-versus-voltage  graph 
where  current  suddenly  increases  or  decreases. 

Large-signal  voltage  gain.  Another  term  for  the  open-loop  volt¬ 
age  gain  of  an  op-amp. 

Lateral  double-diffused  MOSFET  (LDMOS).  A  high-power 
MOSFET  that  uses  a  short  channel  and  a  heavily  doped  n-type 
region  to  obtain  high  ID  and  low  rd(on). 

Leaky.  A  term  used  to  describe  a  component  that  is  partially 
shorted. 

Level  detector.  Another  name  for  a  comparator  used  to  compare 
an  input  voltage  to  a  fixed  dc  reference  voltage. 

Lifetime.  The  time  between  electron-hole  pair  generation  and 
recombination. 

Light.  Electromagnetic  energy  that  falls  within  a  specific  range 
of  frequencies. 

Light-activated  SCR  (LASCR).  A  three-terminal  fight-activated 
SCR. 

Light  current  (/t).  The  reverse  current  through  a  photodiode 
with  an  active  light  input. 

Light  detectors.  Optoelectronic  devices  that  respond  to  light. 

Light  emitters.  Optoelectronic  devices  that  produce  light. 

Light-emitting  diode  (LED).  A  diode  designed  to  produce  one 
or  more  colors  of  light  under  specific  biasing  conditions. 

Light  intensity.  The  amount  of  light  per  unit  area  received  by  a 
given  photodetector;  also  called  irradiance. 

Limiter.  See  Clipper. 

Linear.  A  change  that  occurs  at  a  constant  rate. 

Linear  IC  voltage  regulator.  A  device  used  to  hold  the  output 
voltage  from  a  dc  power  supply  relatively  constant  over  a  spec¬ 
ified  range  of  line  voltages  and  load  current  demands. 

Linear  power  supply.  A  power  supply  whose  output  is  a  linear 
function  of  its  input.  Any  power  supply  whose  output  is  con¬ 
trolled  by  a  linear  voltage  regulator. 

Line  regulation.  The  ability  of  a  voltage  regulator  to  main¬ 
tain  a  constant  load  voltage  despite  anticipated  variations  in 
rectifier  output  voltage.  A  rating  that  indicates  the  change  in 
regulator  output  voltage  that  occurs  per  unit  change  in  input 
voltage. 

Liquid-crystal  display  (LCD).  A  display  made  of  segments 
that  can  be  made  to  reflect  (or  not  reflect)  ambient  light. 

Loaded-g.  The  Q  ( quality )  of  an  LC  tank  circuit  when  a  resis¬ 
tive  load  is  connected  to  that  circuit.  The  loaded-g  of  a  tank 
circuit  is  always  lower  than  its  unloaded  Q. 

Load  regulation.  The  ability  of  a  regulator  to  maintain  a  con¬ 
stant  load  voltage  despite  anticipated  variations  in  load  current 
demand.  A  rating  that  indicates  the  change  in  regulator  output 
voltage  that  occurs  per  unit  change  in  load  current. 

Logic  families.  Groups  of  digital  circuits  with  nearly  identical 
characteristics. 

Logic  levels.  A  term  used  to  describe  the  two  dc  levels  used  to 
represent  information  in  a  digital  circuit  or  system. 

Lower  trigger  point  (LTP).  A  Schmitt  trigger  reference  volt¬ 
age.  When  a  negative-going  input  reaches  the  LTP,  the  Schmitt 
trigger  output  changes  state. 

Low-pass  filter.  A  filter  designed  to  pass  all  frequencies  below 
a  given  cutoff  frequency. 

Majority  carrier.  In  a  given  semiconductor  material,  the  charge 
carrier  that  is  introduced  by  doping.  The  electrons  in  a  penta- 
valent  material.  The  holes  in  a  trivalent  material. 

Matched  transistors.  Transistors  that  have  the  same  operating 
characteristics. 
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Maximum  limiting  voltage  ( VL ).  The  voltage  at  which  a  con¬ 
stant-current  diode  starts  to  limit  current. 

Maximum  ratings.  A  spec  sheet  table  which  lists  device  param¬ 
eters  that  must  not  be  exceeded  under  any  circumstances. 

Maximum  reverse  stand-off  voltage  (Vrwm)-  The  maximum 
allowable  peak  or  dc  reverse  voltage  that  will  not  turn  on  a 
transient  suppressor. 

Maximum  reverse  surge  current.  In  a  bidirectional  thyristor, 
the  maximum  surge  current  that  the  device  can  handle  when 
biased  in  its  reverse  operating  region. 

Maximum  steady-state  power  dissipation  rating.  The  maxi¬ 
mum  allowable  average  power  dissipation  for  a  zener  diode 
that  is  operating  in  reverse  breakdown. 

Maximum  temperature  coefficient.  The  percentage  of  change 
in  VBR  per  1°C  rise  in  operating  temperature. 

Maximum  zener  current  (/ZM).  A  zener  diode  rating  indicating 
the  maximum  allowable  value  of  reverse  current  through  the 
device. 

Metal-oxide-semiconductor  FET  (MOSFET).  A  field-effect 
transistor  designed  to  operate  in  the  depletion  and  enhance¬ 
ment  modes,  or  the  enhancement  mode  only.  The  gate  con¬ 
struction  allows  for  enhancement-mode  operation. 

Midpoint  bias.  Having  a  (1-point  that  is  centered  on  the  load 
line. 

Miller’s  theorem.  Allows  a  feedback  capacitor  to  be  repre¬ 
sented  as  separate  input  and  output  capacitances. 

Minimum  dynamic  impedance  (ZT).  The  minimum  forward 
impedance  of  a  constant-current  diode  when  operated  in  its 
current-limiting  region  of  operation. 

Minimum  knee  impedance  (ZK).  The  minimum  forward 
impedance  of  a  constant-current  diode  when  operated  at  the 
knee  voltage  of  its  operating  curve. 

Minimum  load  current.  For  a  voltage  regulator,  the  value  of  1L 
below  which  regulation  is  lost. 

Minority  carrier.  In  a  given  semiconductor  material,  the  charge 
carrier  that  is  not  introduced  by  doping.  The  holes  in  a  penta- 
valent  material.  The  electrons  in  a  trivalent  material. 

Model.  A  representation  of  a  component  or  circuit  that  demon¬ 
strates  one  (or  more)  of  its  characteristics. 

Modulator.  A  circuit  that  combines  two  signals  of  different  fre¬ 
quencies  into  a  single  signal. 

Monostable  multivibrator.  A  switching  circuit  with  one  stable 
output  state.  Also  called  a  one-shot. 

MOSFET.  An  FET  that  can  be  operated  in  the  enhancement 
mode. 

Multicolor  LED.  An  LED  that  emits  different  colors  when  the 
polarity  of  its  biasing  voltage  changes. 

Multiple-feedback  band-pass  filter.  A  band-pass  filter  that  has 
a  single  op-amp  and  two  feedback  paths,  one  resistive  and  one 
capacitive. 

Multiple-feedback  notch  filter.  A  notch  filter  that  has  a  single 
op-amp  and  two  feedback  paths,  one  resistive  and  one 
capacitive. 

Multisegment  display.  An  LED  circuit  used  to  display  alpha¬ 
numeric  symbols  (numbers,  letters,  and  punctuation  marks). 

Multistage  amplifier.  A  term  used  to  describe  two  or  more 
amplifiers  connected  in  series.  Each  amplifier  is  called  a  stage. 

Multivibrators.  Switching  circuits  designed  to  have  zero,  one, 
or  two  stable  output  states. 

Negative  clamper.  A  circuit  that  shifts  an  entire  input  signal 
below  a  dc  reference  voltage. 

Negative  feedback.  A  type  of  feedback  in  which  the  feedback 
signal  is  180°  out  of  phase  with  the  input  signal. 


Negative  resistance.  Any  device  whose  current  and  voltage  are 
inversely  related. 

Negative  resistance  oscillator.  An  oscillator  whose  operation  is 
based  on  a  negative  resistance  device,  such  as  a  tunnel  diode  or 
a  unijunction  transistor. 

Negative  resistance  region.  A  term  used  to  describe  any  region  of 
device  operation  where  an  increase  in  current  results  in  a  decrease 
in  voltage,  or  vice  versa.  The  region  of  UJT  operation  that  lies 
between  the  peak  and  valley  points  on  the  operating  curve. 

Noise.  Any  undesired  voltage  or  current  generated  within,  or 
externally  to,  an  electronic  system.  Noise  sources  can  be  nat¬ 
ural  or  man-made. 

Nominal  zener  voltage.  The  rated  value  of  Vz  for  a  given  zener 
diode. 

Noninverting  amplifier.  An  op-amp  circuit  with  no  signal 
phase  shift. 

Noninverting  input.  The  op-amp  input  that  does  not  produce  a 
voltage  phase  shift  (from  input  to  output)  when  used  as  a  sig¬ 
nal  input. 

Nonlinear  distortion.  A  type  of  distortion  caused  by  driving  the 
base-emitter  junction  of  a  transistor  into  its  nonlinear  operating 
region. 

Nonrepetitive  surge  current  ( ISM ).  The  absolute  limit  on  the 
forward  surge  current  through  a  device,  such  as  a  pn-junction 
diode  or  an  SCR. 

Notch  filter.  A  filter  designed  to  reject  (or  block)  a  band  of 
frequencies  while  allowing  the  frequencies  outside  its  band¬ 
width  to  pass.  Also  referred  to  as  a  band-stop  filter. 

npn  transistor.  A  BJT  with  n-type  emitter  and  collector  materi¬ 
als  and  a  p-type  base. 

n-type  material.  A  semiconducter  that  has  added  pentavalent 
impurities. 

Octave.  A  frequency  multiplier  equal  to  2. 

Off  characteristics.  The  characteristics  of  a  transistor  that  is  in 
cutoff. 

Offset  null.  Input  pins  on  an  op-amp  that  are  used  to  eliminate 
an  output  offset  voltage. 

Ohmic  region.  The  portion  of  the  JFET  operating  curve  that  lies 
below  VP. 

On  characteristics.  The  characteristics  of  a  transistor  in  the 
active  and  saturation  regions  of  operation. 

One-shot.  Another  name  for  the  monostable  multivibrator. 

Opaque.  A  term  used  to  describe  anything  that  blocks  light. 

Open-loop  voltage  gain  ( AOL ).  The  maximum  possible  gain  of 
a  given  op-amp.  The  voltage  gain  of  an  op-amp  with  no  feed¬ 
back  path. 

Operational  amplifier  (op-amp).  A  high-gain  dc  amplifier  that 
has  high  input  impedance  and  low  output  impedance. 

Optical  switch.  An  IC  optocoupler  designed  to  allow  an  exter¬ 
nal  object  to  block  the  light  path  between  the  photoemitter  and 
the  photodetector. 

Optocoupler.  A  device  that  uses  light  to  couple  a  signal  from  its 
input  (a  photoemitter)  to  its  output  (a  photodetector). 

Optocoupling.  A  method  of  coupling  the  output  of  one  circuit 
to  the  input  of  another  using  light. 

Optoelectronic  devices.  Devices  that  are  controlled  by  and/or 
emit  (generate)  light. 

Optointerrupter.  An  IC  optocoupler  designed  to  allow  an 
external  object  to  block  the  light  path  between  the  photo¬ 
emitter  and  the  photodetector. 

Optoisolator.  An  optocoupler.  A  device  that  uses  light  to 
couple  a  signal  from  its  input  (a  photoemitter)  to  its  output  (a 
photodetector). 
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Oscillator.  An  ac  signal  generator.  A  circuit  that  converts  dc  to  a 
sinusoidal  (or  other)  waveform. 

Oscillator  stability.  A  measure  of  an  oscillator’s  ability  to 
maintain  constant  output  amplitude  and  frequency. 

Output  admittance  (hoe).  The  admittance  of  the  collector- 
emitter  circuit,  measured  under  no-load  conditions.  This 
/(-parameter  is  used  mainly  in  amplifier  design. 

Output  impedance.  The  “source  impedance”  that  a  circuit  pre¬ 
sents  to  its  load.  The  opposition  to  current  provided  by  the  out¬ 
put  of  an  amplifier. 

Output  offset  voltage  (U0ut(offset))-  A  voltage  that  may  appear  at 
the  output  of  an  op-amp;  caused  by  an  imbalance  in  the  differ¬ 
ential  amplifier. 

Output  short-circuit  current.  The  maximum  output  current  for 
an  op-amp,  measured  under  shorted-load  conditions. 

Overtone.  Another  word  for  harmonic.  A  whole-number  multi¬ 
ple  of  a  given  frequency. 

Overtone  mode.  An  operating  mode  where  a  circuit  is  tuned  to 
a  harmonic  of  a  fundamental  frequency  for  the  purpose  of  pro¬ 
ducing  a  higher  output  frequency. 

Parameter.  A  limit. 

Pass  band.  The  range  of  frequencies  passed  (amplified)  by  a 
tuned  amplifier. 

Pass-transistor  regulator.  A  regulator  that  uses  a  series  transis¬ 
tor  to  maintain  a  constant  load  voltage. 

Peak  current  (IP).  One  of  two  current  values  that  define  the 
limits  of  a  negative  resistance  region  of  operation  for  a  device 
such  as  a  tunnel  diode  or  unijunction  transistor  (UJT).  The 
other  is  the  valley  current  ( Iv ). 

Peak  inverse  voltage  (PIV).  The  maximum  reverse  bias  that  a 
diode  will  be  exposed  to  in  a  rectifier. 

Peak  operating  voltage  (POV).  The  maximum  allowable  value 
of  VF  for  a  constant-current  diode. 

Peak  power  dissipation  rating  (Ppk).  Indicates  the  amount  of 
surge  power  that  a  transient  suppressor  can  dissipate. 

Peak  repetitive  reverse  voltage  ( VRRM ).  The  diode  rating  that 
indicates  the  maximum  allowable  value  of  diode  reverse 
voltage. 

Peak  reverse  voltage  ( VRRM ).  The  maximum  reverse  voltage 
that  won’t  force  a  pn  junction  to  conduct. 

Peak  voltage  (VP).  One  of  two  voltage  values  that  define 
the  limits  of  a  negative  resistance  region  of  operation  for  a 
device  such  as  a  tunnel  diode  or  unijunction  transistor  (UJT). 
The  other  is  the  valley  voltage  (Vv). 

Pentavalent.  Elements  with  five  valence  shell  electrons. 

Phase  controller.  A  circuit  used  to  control  the  conduction  phase 
angle  through  a  load,  and  thus  the  average  load  voltage. 

Phase-shift  oscillator.  An  oscillator  that  uses  three  RC  circuits 
in  its  feedback  network  to  produce  a  180°  phase  shift. 

Photo-Darlington.  A  phototransistor  with  a  Darlington  pair 
output. 

Photodiode.  A  diode  whose  reverse  conduction  is  light-intensity 
controlled. 

Phototransistor.  A  three-terminal  photodetector  whose  collec¬ 
tor  current  is  controlled  by  the  intensity  of  the  light  at  its  opti¬ 
cal  input  (base). 

Piezoelectric  effect.  The  tendency  of  a  crystal  to  vibrate  at  a 
fixed  frequency  when  subjected  to  an  electric  field. 

Pinch-off  voltage  {VP).  The  value  of  drain-source  voltage  (VDS) 
that  allows  maximum  JFET  drain  current  (ID),  measured  at 
VGS  =  0V. 


PIN  diode.  A  diode  made  up  of  p-type  and  n-type  materials  that 
are  separated  by  an  insulating  material. 

pnp  transistor.  A  BJT  with  p-type  emitter  and  collector  materi¬ 
als  and  an  n-type  base. 

Pole.  A  single  RC  circuit. 

Positive  clamper.  A  circuit  that  shifts  an  entire  input  signal 

above  a  dc  reference  voltage. 

Positive  feedback.  A  type  of  feedback  where  the  feedback  sig¬ 
nal  is  in  phase  with  the  circuit  input  signal.  Also  referred  to  as 

regenerative  feedback. 

Power  consumption.  A  rating  that  indicates  the  amount  of 
power  dissipated  by  an  op-amp  when  operated  in  its  quiescent 
state. 

Power  derating  factor.  The  rate  at  which  the  maximum 
power  rating  decreases  per  1°C  rise  above  a  specified  tem¬ 
perature. 

Power  gain  (Ap).  The  ratio  of  circuit  output  power  to  circuit 
input  power. 

Power  rectifier.  A  diode  with  extremely  high  forward  current 
and/or  power  dissipation  ratings. 

Power  supply.  A  group  of  circuits  that  combine  to  convert  ac 
to  dc. 

Power  supply  rejection  ratio.  The  ratio  of  a  change  in  op-amp 
output  voltage  to  a  change  in  supply  voltage. 

Power  switch.  The  pass-transistor  in  a  switching  regulator  that 
controls  conduction  through  the  load. 

Precision  rectifier.  A  clipper  that  consists  of  a  diode  and  an  op- 
amp;  characterized  by  the  ability  to  clip  extremely  low-level 
input  signals. 

Programmable  unijunction  transistor  (PUT).  A  four-layer 
thyristor  trigger  whose  construction  and  operation  are  similar 
to  that  of  the  SCR.  However,  the  PUT  gate  is  used  to  provide  a 
reference  for  the  triggering  voltage  rather  than  as  a  trigger 
input. 

Propagation  delay.  The  time  required  for  a  signal  to  pass 
through  a  component  or  circuit;  measured  at  the  50%  point  on 
the  two  waveforms. 

p-type  material.  Silicon  or  germanium  that  has  trivalent 
impurities. 

Pulse  width  (PW).  The  time  spent  in  the  active  (high)  dc  output 
state. 

Pulse-width  modulation  (PWM).  Modulating  a  rectangular 
waveform  so  that  its  pulse  width  varies  while  its  overall  cycle 
time  remains  unchanged.  Essentially,  it  varies  the  duty  cycle  of 
the  modulated  waveform. 

Push-pull  emitter  follower.  See  Complementary-symmetry 
amplifier. 

g  ( LC  circuit).  A  measure  of  the  quality  of  an  LC  circuit.  The 
ratio  of  energy  stored  in  the  circuit  to  energy  lost  per  cycle. 
The  higher  the  Q  of  an  LC  circuit,  the  closer  it  comes  to  being 
an  ideal  circuit. 

g-point.  A  point  on  the  dc  load  line  of  a  BJT  amplifier 
that  indicates  the  values  of  VCE  and  Ic  for  the  circuit  when 
it  is  at  rest  (has  no  active  input).  A  point  on  the  dc  load  line 
for  a  circuit  that  indicates  its  inactive  voltage  and  current 
values. 

g-point  shift.  A  condition  where  a  change  in  operating  temper¬ 
ature  (or  device  substitution)  indirectly  causes  a  change  in  the 
g-point  values  of  Ic  and  VCE. 

Quality  (g).  A  figure  of  merit  for  a  tuned  amplifier  that  is  equal 
to  the  ratio  of  center  frequency  to  bandwidth. 

Quiescent.  At  rest. 
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Rail.  A  term  use  to  describe  either  supply  voltage  connection  to 
an  op-amp. 

Ramp.  Another  name  for  a  voltage  that  changes  at  a  constant 
(linear)  rate. 

RC-coupled  class  A  amplifier.  A  class  A  amplifier  that  uses  a 
capacitor  to  couple  its  output  signal  to  a  load. 

Recombination.  A  term  used  to  describe  the  process  of  a  free 
electron  giving  up  its  energy  and  returning  to  a  valence  band 
orbit. 

Rectangular  waveform.  A  waveform  made  up  of  alternating 
(high  and  low)  dc  voltages. 

Rectifier.  A  circuit  that  converts  ac  to  pulsating  dc. 

Regenerative  feedback.  Another  name  for  positive  feedback. 

Regulated  dc  power  supply.  A  dc  power  supply  with  extremely 
low  internal  resistance. 

Regulation.  A  rating  that  indicates  the  maximum  change  in  reg¬ 
ulator  output  voltage  that  can  occur  when  input  voltage  and 
load  current  are  varied  over  their  entire  rated  ranges. 

Regulator  current  ( IP ).  For  a  constant-current  diode,  the  regu¬ 
lated  value  of  forward  current  for  forward  voltages  between  its 
VL  and  POV  ratings. 

Relaxation  oscillator.  A  circuit  that  uses  the  charge/discharge 
characteristics  of  a  capacitor  or  inductor  to  produce  a  pulse 
output. 

Reverse  bias.  A  potential  that  causes  a  pn  junction  to  have  a 
high  resistance. 

Reverse  blocking  region.  The  thyristor  off-state  (nonconduct¬ 
ing)  region  of  operation  between  0  V  and  VBRm. 

Reverse  breakdown  voltage  (VM).  The  minimum  reverse  volt¬ 
age  that  causes  a  device  to  break  down  and  conduct  in  the 
reverse  direction. 

Reverse  current  (/*).  The  current  through  a  reverse-biased  pn 
junction. 

Reverse  saturation  current  (/s).  A  current  caused  by  thermal 
activity  in  a  reverse-biased  diode.  /s  is  temperature  dependent. 

Reverse  voltage  (Vff).  The  voltage  across  a  reverse-biased  pn 
junction. 

Reverse  voltage  feedback  ratio  ( hre ).  An  /(-parameter  that 
equals  the  ratio  of  vbe  to  vce  for  a  given  transistor,  measured 
under  no-load  conditions. 

RF  amplifier.  Radio  frequency  amplifier;  the  input  circuit  of  a 
communications  receiver. 

Ripple  rejection  ratio.  The  ratio  of  regulator  input  ripple  to 
maximum  output  ripple. 

Ripple  voltage.  The  variation  in  the  output  voltage  from  a  filter. 

Ripple  width.  The  maximum  variation  in  gain  over  the  pass 
band  of  an  active  filter,  measured  in  dB. 

Rise  time  ( tr ).  The  time  required  for  a  BJT  to  go  from  cutoff  to 
saturation.  In  terms  of  Ic,  the  time  required  for  the  10%  to  90% 
transition. 

Roll-off  rate.  The  rate  of  gain  reduction  for  a  circuit  when  oper¬ 
ated  beyond  its  cutoff  frequencies. 

Saturation.  The  BJT  operating  region  where  Ic  reaches  its  max¬ 
imum  value. 

Saturation  clipping.  A  type  of  distortion  caused  by  driving  a 
transistor  into  saturation. 

Schmitt  trigger.  A  voltage-level  detector. 

Schottky  diode.  A  high-speed  diode  with  very  little  junction 
capacitance. 

Selector  guide.  A  publication  that  groups  components  accord¬ 
ing  to  their  critical  ratings  and/or  characteristics. 


Self-bias.  A  JFET  biasing  circuit  that  uses  a  source  resistor  to 
establish  a  negative  VGS. 

Semiconductor.  An  element  that  is  neither  an  insulator  nor  a 

conductor. 

Sensitivity.  A  rating  that  indicates  the  response  of  a  photodetec¬ 
tor  to  a  specified  light  intensity. 

Series  clipper.  A  clipper  that  is  in  series  with  its  load. 

Series  current  regulator.  A  circuit  that  uses  a  constant-current 
diode  to  maintain  a  constant  circuit  input  current  over  a  wide 
range  of  input  voltages. 

Series  feedback  regulator.  A  series  regulator  that  uses  an  error- 
detection  circuit  to  improve  the  line  and  load  regulation  char¬ 
acteristics  of  other  pass-transistor  regulators. 

Series  regulator.  A  voltage  regulator  that  is  in  series  with  its  load. 

Seven-segment  display.  A  display  made  up  of  seven  LEDs 
shaped  in  a  figure-8  that  is  used  to  display  numbers. 

Shorted-gate  drain  current  ( loss )•  The  maximum  possible 
value  of  1D  for  a  JFET.  Also  called  zero-gate-voltage  drain 
current. 

Shunt  clipper.  A  clipper  that  is  in  parallel  with  its  load.  The  cir¬ 
cuit  provides  a  waveform  output  when  the  diode  is  reverse 
biased  (not  conducting). 

Shunt  feedback  regulator.  A  circuit  that  uses  an  error  detector 
to  control  the  conduction  of  a  shunt  transistor. 

Shunt  regulator.  A  voltage  regulator  that  is  in  parallel  with  its 
load. 

Silicon.  One  of  the  semiconductor  materials  that  are  commonly 
used  to  produce  solid-state  devices.  Another  is  germanium. 

Silicon-controlled  rectifier  (SCR).  A  three-terminal  device 
very  similar  in  construction  and  operation  to  the  SUS.  A  third 
terminal,  called  the  gate,  provides  another  method  for  trigger¬ 
ing  the  device. 

Silicon  unilateral  switch  (SUS).  A  two-terminal,  four-layer 
device  that  can  be  triggered  into  conduction  by  applying  a 
specified  forward  voltage  across  its  terminals. 

Slew  rate.  The  maximum  rate  at  which  op-amp  output  voltage 
can  change. 

Snubber  network.  An  RC  circuit  that  is  connected  between  an 
SCR  anode  and  cathode  to  eliminate  false  triggering. 

Soldering  temperature.  The  maximum  amount  of  heat  that  can 
be  applied  to  any  pin  of  the  IC  without  causing  damage  to  the 
chip. 

Solid-state  relay  (SSR).  A  circuit  that  uses  a  dc  input  voltage  to 
pass  or  block  an  ac  signal. 

Source.  The  JFET  counterpart  of  the  BJT  emitter. 

Source  follower  (common-drain  amplifier).  The  JFET  coun¬ 
terpart  of  the  emitter  follower. 

Space  width  (SW).  The  time  spent  in  the  passive  (low)  dc  out¬ 
put  stage.  The  time  between  pulses  in  switching  circuits. 

Specification  sheet.  A  listing  of  all  the  important  parameters 
and  operating  characteristics  of  a  device  or  circuit. 

Spectral  response.  A  measure  of  a  photodetector’s  response  to 
a  change  in  input  wavelength.  Spectral  response  is  measured  in 
terms  of  the  device  sensitivity. 

Speed-up  capacitor.  A  capacitor  used  in  the  base  circuit  of  a 
BJT  to  allow  the  device  to  switch  rapidly  between  saturation 
and  cutoff.  It  reduces  propagation  delay  by  reducing  td  and  ts. 

Square  wave.  A  rectangular  waveform  that  has  equal  pulse 
width  (PW)  and  space  width  (SW)  values. 

Stage.  Each  amplifier  in  a  cascaded  group  of  amplifiers. 

Standard  push-pull  amplifier.  A  class  B  circuit  that  uses  two 
identical  transistors  and  a  center-tapped  transformer. 
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Static  reverse  current  (IR).  The  reverse  current  through  a  diode 
when  VR  is  less  than  the  reverse  breakdown  value. 

Step-down  regulator.  A  switching  regulator  whose  dc  output 
voltage  is  lower  than  its  dc  input  voltage. 

Step-down  transformer.  One  with  a  secondary  voltage  that  is 
less  than  the  primary  voltage. 

Step-recovery  diode.  A  heavily  doped  diode  with  an  ultrafast 
switching  time. 

Step-up  regulator.  A  switching  regulator  whose  dc  output  volt¬ 
age  is  greater  than  its  dc  input  voltage. 

Step-up  transformer.  One  with  a  secondary  voltage  greater 
than  the  primary  voltage. 

Stop  band.  The  range  of  frequencies  outside  an  amplifier’s  pass 
band. 

Storage  time  ( ts ).  The  time  required  for  a  BJT  to  come  out  of 
saturation.  In  terms  of  7C,  the  time  required  for  lc  to  drop  to 
90%  of  its  maximum  value. 

Substrate.  The  foundation  material  of  a  MOSFET. 

Subtractor.  A  summing  amplifier  that  provides  an  output  pro¬ 
portional  to  the  difference  between  two  input  voltages. 

Summing  amplifier.  An  op-amp  circuit  that  produces  an  output 
voltage  proportional  to  the  sum  of  its  input  voltages. 

Supply  current.  A  rating  that  indicates  the  value  of  quiescent 
(inactive)  current  that  an  op-amp  draws  from  its  power  supply. 

Surface  leakage  current  (fs/ ).  A  current  along  the  surface  of  a 
reverse-biased  diode.  lSL  is  VR  dependent. 

Surface-mount  package  (SMP).  An  IC  package  that  is  much 
smaller  and  lighter  than  its  dual  in-line  package  (DIP)  counter¬ 
part. 

Surge  current.  The  high  initial  current  in  a  power  supply.  Any 
current  caused  by  a  nonrepetitive  high-voltage  condition. 

Swamped  amplifier.  An  amplifier  that  uses  a  partially  bypassed 
emitter  resistance  to  increase  the  ac  emitter  resistance. 

Switching  circuits.  Circuits  designed  to  respond  to  (or  gener¬ 
ate)  nonlinear  waveforms,  such  as  square  waves. 

Switching  power  supply.  A  power  supply  that  contains  a 
switching  regulator. 

Switching  time  constants.  A  term  used  to  describe  a  condition 
where  a  capacitor  has  different  charge  and  discharge  times. 

Switching  transistors.  Devices  with  extremely  low  switching 
times. 

Switching  voltage  regulator.  Voltage  regulator  that  alternates 
between  being  fully  on  and  fully  off,  resulting  in  very  high 
efficiency. 

Thermal  contact.  Placing  two  or  more  components  in  physical 
contact  with  each  other  (or  a  common  surface)  so  that  their 
operating  temperatures  are  equal. 

Thermal  resistance  (J?0).  Any  opposition  to  the  flow  of  heat 
(power  dissipation). 

Threshold  voltage  (Vgs(Ui))*  The  value  of  VGS  that  turns  an 
E-MOSFET  on. 

Thyristors.  Devices  designed  specifically  for  high-power 
switching  applications.  Also  called  breakover  devices. 

Transconductance  (gm).  A  ratio  of  a  change  in  drain  current 
(Iff)  to  a  change  in  VGS,  measured  in  microsiemens  (p,S)  or 
micromhos  (pmhos). 

Transconductance  curve.  A  plot  of  all  possible  combinations 
of  Vcs  and  for  a  JFET  or  MOSFET. 

Transducer.  A  device  that  converts  energy  from  one  form  to 
another. 

Transformer-coupled  class  A  amplifier.  A  class  A  amplifier 
that  uses  a  transformer  to  couple  its  output  signal  to  a  load. 


Transient.  An  abrupt  current  or  voltage  spike.  A  surge. 

Transient  suppressor.  A  zener  diode  with  extremely  high 
surge-handling  capabilities. 

Transistor.  A  three-terminal  device  whose  output  current,  volt¬ 
age,  and/or  power  are  controlled  (under  normal  circumstances) 
by  its  input  current  or  voltage. 

Triac.  A  bidirectional  thyristor  whose  forward  and  reverse  char¬ 
acteristics  are  identical  to  the  forward  characteristics  of  the 
SCR. 

Trigger-point  voltage  (VTF).  The  voltage  required  at  the  anode 
of  the  gate  diode  to  trigger  the  SCR. 

Trivalent.  Elements  with  three  valence  electrons. 

Troubleshooting.  The  process  of  locating  faults  in  electronic 
equipment. 

Tuned  amplifier.  A  circuit  designed  to  have  a  specific  value  of 
gain  over  a  specified  range  of  frequencies.  An  amplifier 
designed  to  have  a  specific  bandwidth. 

Tunnel  diode.  A  heavily  doped  diode  used  in  high-frequency 
communications  circuits. 

Tunnel  diode  oscillator.  A  signal  generator  whose  operation  is 
based  on  the  negative  resistance  characteristics  of  a  tunnel 
diode. 

Ttim-off  time  (<off).  The  sum  of  storage  time  (ts)  and  fall  time  (tff 

T\irn-on  time  (/„„).  The  sum  of  delay  time  (td)  and  rise  time  (tr). 

Ultrahigh  frequency  (UHF).  The  band  of  frequencies  between 
300  MHz  and  3  GHz. 

Unijunction  transistor  (UJT).  A  three-terminal  device  whose 
trigger  voltage  is  proportional  to  its  applied  biasing  voltage. 

Unity-gain  frequency.  The  maximum  possible  operating  fre¬ 
quency  for  an  op-amp,  measured  at  AOL  =  0  dB. 

Universal  bias.  Another  name  for  voltage-divider  bias. 

Upper  trigger  point  (UTP).  A  Schmitt  trigger  reference  volt¬ 
age.  When  a  positive-going  input  reaches  the  UTP,  the  Schmitt 
trigger  output  changes  state. 

Valence  shell.  The  outermost  shell  of  an  atom.  The  number  of 
electrons  in  the  valence  shell  determines  the  conductivity  of 
the  atom. 

Valley  current  (Iv).  One  of  two  current  values  that  define 
the  limits  of  a  negative  resistance  region  of  operation  for  a 
device  such  as  a  tunnel  diode  or  unijunction  transistor  (UJT). 
The  other  is  the  peak,  current  (Iff). 

Valley  voltage  (Vy).  One  of  two  voltage  values  that  define 
the  limits  of  a  negative  resistance  region  of  operation  for  a 
device  such  as  a  tunnel  diode  or  unijunction  transistor  (UJT). 
The  other  is  the  peak  voltage  (Vff). 

Varactor.  A  diode  designed  for  relatively  high  junction  capaci¬ 
tance  when  reverse  biased. 

Variable  comparator.  A  comparator  with  an  adjustable  refer¬ 
ence  voltage. 

Variable  off-time  modulation.  A  method  of  modulating  a 
rectangular  waveform  so  that  cycle  time  varies  while  pulse 
width  remains  constant. 

Varicap.  Another  name  for  a  varactor. 

VCEQ.  The  Q-point  value  of  VCE. 

Very  high  frequency  (VHF).  The  band  of  frequencies  between 
30  and  300  MHz. 

V-MOSFET  (VMOS).  An  E-MOSFET  designed  to  handle  high 
values  of  drain  current. 

Voltage-controlled  current  source.  A  circuit  with  a  constant- 
current  output  controlled  by  the  circuit  input  voltage. 
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Voltage-controlled  oscillator  (VCO).  A  free-running  oscillator 
whose  output  frequency  is  controlled  by  a  dc  input  voltage. 

Voltage-divider  bias.  A  biasing  circuit  that  contains  a  voltage 
divider.  This  type  of  bias  is  sometimes  referred  to  as  universal 
bias. 

Voltage  doubler.  A  circuit  whose  dc  output  is  twice  the  peak 
value  of  its  sinusoidal  input. 

Voltage  follower.  The  op-amp  counterpart  of  the  emitter  fol¬ 
lower  and  the  source  follower. 

Voltage  gain  (A„).  The  factor  by  which  ac  signal  voltage 
increases  from  the  input  of  an  amplifier  to  its  output. 

Voltage-inverting  regulator.  A  switching  regulator  that  pro¬ 
duces  a  negative  output  when  its  input  voltage  is  positive,  and 
vice  versa. 

Voltage  multiplier.  A  circuit  used  to  produce  a  dc  output  volt¬ 
age  that  is  some  multiple  of  an  ac  peak  input  voltage. 

Voltage  quadrupler.  Produces  a  dc  output  voltage  that  is  four 
times  its  peak  input  voltage. 

Voltage  regulator.  A  circuit  designed  to  maintain  a  constant 
power  supply  output  voltage  despite  anticipated  variations  in 
line  voltage  and  load  current  demand. 

Voltage  tripler.  Produces  a  dc  output  voltage  that  is  three  times 
its  peak  input  voltage. 

Wavelength  (A.).  The  physical  length  of  one  cycle  of  a  transmit¬ 
ted  electromagnetic  wave. 

Wavelength  of  peak  spectral  response  (As).  A  rating  that  indi¬ 
cates  the  wavelength  that  will  cause  the  strongest  response  in  a 
photodetector. 


Wien-bridge  oscillator.  An  oscillator  that  achieves  regenerative 
feedback  by  producing  no  phase  shift  at/r. 

Working  peak  reverse  voltage  ( VRWM ).  The  maximum  peak  or 
dc  reverse  voltage  that  will  not  drive  a  transient  suppressor  into 
its  reverse  breakdown  (zener)  region  of  operation. 

yos.  A  label  used  to  represent  the  output  admittance  of  a  JFET. 

Zener  breakdown.  A  type  of  reverse  breakdown  that  occurs  at 
relatively  low  reverse  voltages. 

Zener  clamper.  A  clamper  that  uses  a  zener  diode  to  establish 
the  dc  reference  voltage. 

Zener  diode.  Diodes  that  are  designed  to  work  in  the  reverse 
operating  region. 

Zener  impedance  (Zz).  A  zener  diode’s  opposition  to  a  change 
in  current. 

Zener  knee  current  (/ZJC).  The  minimum  value  of  zener  reverse 
current  required  to  maintain  voltage  regulation. 

Zener  test  current.  The  value  of  zener  current  at  which  the 
nominal  values  of  the  component  are  measured. 

Zener  voltage  (Vz).  The  approximate  voltage  across  a  zener 
diode  when  it  is  operated  in  its  reverse  breakdown  region  of 
operation. 

Zero  bias.  A  term  used  to  describe  the  biasing  of  a  pn  junction 
at  room  temperature  with  no  potential  applied.  A  D-MOSFET 
biasing  circuit  that  has  quiescent  values  of  VGS  =  0  V  and 
h)  =  Idss- 
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Transistor  Amplifier  Design 


The  complete  common-emitter  design  process  starts  with  knowing  the  requirements  of 
the  amplifier  and  the  values  you  have  to  work  with.  Normally,  you  will  be  provided  with 
the  following  information: 

*  The  available  supply  voltage  and  ac  input  voltage. 

■  The  load  resistance  or  impedance. 

■  The  required  output  voltage  or  the  required  value  of  Av. 

■  The  specifications  of  the  transistor  being  used. 

The  step-by-step  process  for  designing  a  common-emitter  amplifier  is  as  follows: 

The  required  output  voltage  swing  is  the  minimum  compliance  (PP)  of  the  ampli¬ 
fier.  Using  this  value  and  equation  (1 1.6),  determine  the  minimum  allowable  value 
of  Vceq-  Whenever  possible,  set  VCeq  to  half  the  value  of  Vcc. 

Determine  the  desired  value  of  ICQ.  The  exact  value  is  not  usually  critical  in  terms 
of  input  and  output  voltages.  However,  remember  that  a  lower  value  of  ICQ  means 
that  the  amplifier  will  dissipate  less  power.  Typical  values  of  ICQ  fall  between  1  and 
10  mA  for  small-signal  amplifiers. 

For  the  value  of  ICQ  used,  check  the  specification  sheet  to  determine  the  value  of  hFE. 
Once  you  have  determined  the  proper  value  of  hFE,  calculate  the  value  of  IE  using 


Equation  (1 1.6): 

iiiiiliililii 


3. 

4. 


(F.l) 


5.  Set  VE  to  approximately  0. 1  Vcc. 

6.  Using  the  values  from  steps  4  and  5,  find  RE  as 


7.  Determine  VRC  as 


Vrc  ~  Vcc  ( Vceq  +  VE) 


8.  Find  Rc  as 
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9.  Find  VB  as 


vB  =  vE  +  VBE 


10.  Find  IB  as 


11.  Set  I2  as 

12.  Select  the  value  of  R2  as 


4  — 


tCQ 


*f'£~(min) 


h  >  10(4) 


13.  Now,  determine  the  value  of  current  through  Rx  as 

h  ~  h  +  4 


14.  Determine  the  voltage  across  R{  as 

V,  =  Vcc  - 

15.  Find  the  value  of  R{  as 


At  this  point,  the  dc  design  process  is  complete.  Now,  you  have  to  analyze  the  ac  oper¬ 
ation  of  the  circuit.  Using  the  value  of  ICq,  you  need  to  determine  the  /i-parameter  values 
for  the  transistor.  Then: 


16.  Determine  the  value  of  rc. 

17.  Determine  the  value  of  r'  using  equation  (9.32). 

18.  Determine  the  value  of  Av  for  the  circuit.  If  the  value  of  Av  is  too  low,  you  must 
redesign  the  circuit  using  a  higher  value  of  ICq-  If  it  is  too  high,  you  may  want  to 
consider  swamping  the  emitter  circuit  to  reduce  the  gain. 


Equation  (9.32): 

. -  . 


The  entire  process  is  illustrated  in  the  following  example. 


EXAMPLE  F.l _ 

Design  an  amplifier  to  the  following  specifications:  The  voltage  gain  is  to  be  50 
with  an  input  voltage  of  40  mV.  The  available  supply  voltage  is  + 10  V.  The  transis¬ 
tor  used  is  the  2N3904.  Use  an  ICQ  of  1  mA.  RL  =  12  kfi. 

Solution:  A  model  circuit  for  this  example  is  shown  in  Figure  F.l.  Along  with  the 
circuit,  this  figure  contains  the  /i-parameters  for  the  2N3904  at  Ic  =  1  mA.  First, 
the  required  output  compliance  from  the  amplifier  is  found  by  converting  the  value 
of  vout  to  a  peak-to-peak  value.  The  value  of  vout  is  found  as 


Unit  4*,V}ij  2  V 


The  peak-to-peak  output  voltage  is  found  as 


VPP  =  2.828(vout)  =  5.66  V 
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Therefore,  the  minimum  value  of  VCEQ  is 


Now,  VRC  is  found  as 


and  Rc  is  found  as 


Since  2.83  V  <  ViVcc,  we  will  use  VCEQ  =  5  V. 

At  ICq  =  1  mA,  the  2N3904  has  a  value  of  hFE(mm) 
found  as 


=  70.  Using  this  value,  1E  is 


and  the  value  of  RE  is  found  as 


Using  Re  = 


910  Cl,  the  value  of  VE  is  now  recalculated  as 


2N3904 


hie  =  3.5  k 0 
hre  =  1.3  X  10-4 
120 


vE  =  0.1  Vcc  =  1  V 


40  mV  ru 


FIGURE  F.l 


The  value  of  VE  is  found  as 


Vue  -  Vcc  - 


VE  =  1eRe  =  920  mV 
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This  completes  the  emitter-collector  circuit.  Now,  the  first  step  in  designing  the 
base  circuit  is  to  find  VB  as 


1.62  V 


Next,  IB  is  found  as 


and  h  is  set  as 


Now,  R2  is  determined  as 


_ H 


1 2  =  10/B  =  143  p.A 


m 


Using  R2=  \  \  kO,  the  value  of  I2  is  now  recalculated  as 


U  I  ■■  li 


The  value  of  1{  is  found  as 


t  . 


and  the  value  of  V\  is  found  as 


c-  Vb  =  8.4V 


Finally,  the  value  of  R\  is  found  as 


K*s  " ,  jSp  y — ^ 


At  this  point,  we  need  to  take  a  look  at  the  ac  operation  of  our  biasing  circuit.  The 
first  step  is  to  determine  the  total  ac  resistance  in  the  collector  circuit.  This  resis¬ 
tance  is  found  as 


From  the  specification  sheet,  r’e  is  found  as 


and  Av  is  found  as 
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The  required  voltage  gain  was  given  as  50.  We  can  swamp  the  emitter  to  reduce  the 
gain  to  the  desired  value.  Recall  that 


Av 


rc 

K  -  H 


This  formula  can  be  rearranged  to  give  us 


rC  ~  r,Av 


This  equation  will  give  us  the  method  value  of  rE  when  used  with  the  correct  value 
of  r'e  and  the  desired  value  of  Av.  For  this  circuit 


r£  =  31  ft 


The  final  circuit  is  shown  in  Figure  F.2.  Note  that  the  original  value  of  RE  (910  fl) 
has  been  increased  to  940  Cl.  This  brings  the  dc  resistance  in  the  emitter  circuit 
closer  to  the  value  of  RE  originally  calculated  (990  SI). 


+10  V 


FIGURE  F.2 
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Answers  to  Selected 
Odd-Numbered  Problems 


Chapter  2: 

7.  VDl  =  10V,  Vm  =  OV,  VRi  =  OV,  VR2  =  10  V  9.  Vm  =  0.7  V, 

VRi  =  0.3  V,  IT  =  3  mA  11.  Vm  =  10  V,  Vm  =  0  V,  7,  =  0  A,  Vm  = 
0.7  V,  Vr2  =  9.3  V,  h  =  5.17  mA  13.  Vm  =  VD2  =  0.7  V,  IT  = 

25.3  mA,  Vr,  =  2.53  V,  VR1  =  5.06  V  15.  14.8%,  not  acceptable 
17.5.51%  19.120  V  21.250  V  23.  8.12  mW  25.856  mA 

27.  798  mV  29.  100  mV  31.  300  pA  33.  1N3495 
35.  MR756  37.  (a),  (c),  (d),  and  (e)  have  the  proper  polarity. 

39.  147  mA  41.  4.44  W  43.  IN5362A  45.  IN5349A 

47.  1.6  kft  49.  good  51.  open  53.  132  mW  55.  22.7  mA 
Chapter  3: 

I. 32.5  V  3.45.97  V  5.1:8  7.  45.27  V  9.16.27  V 

II. 14.41V  13.5.18  V  15.  -20.52  V, -6.53  V,  1.28  mA 

17.21.22  V  19.  12.05  V,  7.67  V,  767  pA  21.  20.52  V,  13.1  V, 

2.1 1  mA  23.  33.95  V  25.  - 12.05  V,  -7.67  V,  767  pA 

27.  Vt(pk)  =  50.9  V,  Vave  =  32.4  V,  4(pk)  =  5.09  mA,  /ave  =  3.24  mA 

29.27.16  V  31.  2.53  A  33.  16.95  Vdc,  56.61  mVpp 

35.  520  mVpp,  23.8  Vdc,  29.34  mA  37.33,95  V  39.13.33  mA 

41.  10.33  mA  43.  487  ft  45.  34.35  mA  47.  25  mA,  20  mA, 

5  mA  49.  9.1  V,  4.55  mA  51.  33  mA,  33  V,  132.97  mVpp 

53.  One  of  the  diodes  is  open.  55.  Yes  57.  A  problem  is  indicated. 

Chapter  4: 

1.  18.02  Vpk  3.  -11.25  V  5.  -0.7  V,  3.77  V  7.6.36  V, 

-2.7  V  9.  4.7  V  and -7.3  V  11.  -12  V  13.  Tc  =  564  ps, 
Td  =  51.7  ms  15.  Tc=  1.32ms,  TD=  198  ms  17.  0Vand-12V 
19.  +6  V  and -24  V  21.  +26  V  and  - 10  V  23.  48  V,  96  V 
25.  35.36  V,  35.36  V,  70.72  V  27.20  V  29.  21.22  V,  42.44  V, 
21.21  V,  63.66  V  31.  VCi  =  Va  =  50.92  Vdc,  Va  =  VC4  =  101.84  V*, 
Vcs  =  203.68  Vdc  33.  ±50.92  V  35.  Rs  is  open.  37.  The 
circuit  is  operating  properly.  39.  C[  is  shorted.  41.  The  circuit  is 
operating  properly. 

Chapter  5: 

1.  25  X  10  15  F/°C  (or  0.025  pF/°C)  3.  726.4  kHz,  1.59  MHz 
5.  4  kW  7.0.4  V  9.  1N6300  to  1N6303 

Chapter  6: 

1.3.84  mA  3.256.54  mA  5.1.12  mA  7.  3.75  mA,  20, 

24  mA,  61.54  pA  9.  1.025  mA,  180  pA,  2.88  mA,  500  pA, 

19.95  mA,  10  mA  11.  60  mA,  60.15  mA  13.  27.3  pA,  12.03  mA 
15.  170.6  pA,  64.83  mA  17.0.9977  19.1  mA 

21.  30  to  32  V  23.  approximately  2  V 
Chapter  7: 

1.  Endpoints:  8  V,  2.42  mA  5.  4  mA,  4  V  7.  4  mA,  5  V 
9.  4.71  mA, -7.29  V  11.  Midpoint  biased  13.  Not  midpoint 
biased  15.  6  mA,  2.5  V  17.  2.03  mA,  17.8  V,  13.44  pA 
19.  1 1.75  mA,  -5.9  V,  64.92  pA  21.  75  23.  5  mA,  30  V,  not 

midpoint  biased.  25.  16.67  mA,  -20  V,  not  midpoint  biased. 

27.  Not  midpoint  biased.  29.  1.88  mA,  6.36  V  31.  2.67  mA,  24  V 
33.  4.77  mA,  7.37  V,  6.25  mA,  30  V  35.  660  kft  37.  1.83  mA, 
4.35  V  39.  1.52  mA, -5.44  V  41.  1mA,  30  V  43.11.27  mA, 
-6.32  V  45.  The  C-B  junction  of  Q{  is  open.  47.  R2  is  open. 

49.  10  pA 


Chapter  8: 

1.  250,  90,  91.7,  175  3.  129.6  mV,  420  mV,  10.56  V,  576  mV 

5.  521.7  pV  7.8.46  V  9.342.5  11.233.1  13.13.64% 

15.  14.29%  17.  27  dB,  10  dB,  35.05  dB,  -3  dB  19.  63.1  X  103 

21.  475.5  mW  23.  50.5  mW  25.  695.8  mW  27.  10  W 
29.  758.6  pW  31.  29.5  dB,  84.1  dB,  36.9  dB,  6  dB  33.  3.98 
35.  0.1995  37.  54.4  dB 

Chapter  9: 

1.  2.08  fl  3.10.33  0  5.12  0  7.32.34  0  13.33.33 

15.  96.49  17.  108  19.  132.65  21.  238.01  23.  2.86  V 

25.  1.86  X  103  27.  7.38  X  103  29.  44  W  31.  185.5 

33.  319.7  35.  4.85  kO,  1.34  kO  37.  3.38  kO,  2.71  kO 

39.  Not  correct.  41.  The  assumed  value  is  correct.  43.  150.83 
45.  67.46  47.  8  x  103,  231,  1.85  X  106  49.  6.23  X  105,  2.33  X 

I05,  1.45  X  10"  51.  16.15  53.  63.3  kO,  1.81  kO  55.  76 

59.  968  O,  159.2 
Chapter  10: 

1.  5.14  V,  4.44  V,  2.22  mA  5.  37.17  kO  7.0.9862,7.33,7.2 
9.  21  O  11.  Ay  =  0.964,  A,  =  6.26,  Ap  =  6.04,  Zin  =  3.25  kO,  Zout  = 

16.8  0  13.  85  kO  15.  10.13  mA,  6.3  MO  17.  144  kO, 

18.9  O  19.  69.63  21.  A;  =  70, 1,21,4=  144  kO,  Zout  = 

18.75  0  23.193.4  25.  17.5  0,  5  kO  27.  /?,  is  open  or  0,  is 

open.  29.  is  open.  31.  Q\  is  open  or  R,  is  open.  33.  Qi  is 
leaky. 

Chapter  11: 

1.  9.06  VPP  3.  6.74  VPP,  saturation  5.  53.6  mW  7.  187.5  pW 

9.  855  pW  11.  1.6%  13.  132  mW,  1.89  mW,  1.43% 

15.2.83%  19.  234  mW  21.35%  25.  13.5  mW 

27.  23. 1 6  W  29.  1 8  W  31.  77.6%  33.  4  V,  4.7  V,  3.3  V 

35.  68.8%  37.  78%  39.  33.8  mW  41.  468.3  mW 

43.  Qi  is  shorted  B-E. 

Chapter  12: 

1.2  mA  3.14  mA  5.4.32  mA  13.  1.5  mA,  5.5  V 

15.  2  mA  to  3.3  mA  17.  0  pA  to  650  pA  19.  VGS  =  - 180  mV 
to  - 1.4  V,  ID  =  200  pA  to  1.4  mA.  VDS  =  5.98  V  to  1 1.14  V 
21.  Vas  =  -500  mV  to  -3  V,  ID  =  500  pA  to  3  mA,  VDS  =  7  V  to  14.5  V 
23.  1  mA  to  1 .4  mA,  0.6  V  to  9.0  V  25.  2.2  mA  to  3.5  mA,  10  V  to 

15.2  V  27.  1000  pS  to  5600  pS  29.  4800  pS,  3000  pS,  1200  pS 

31.  7  to  9.38  33.  1.27  to  2.28  35.  2.54  to  3.43  37.  667  kft 

39.  0.33, 2.55  Mft,  500  ft  41.  0.533,  3.1  Mft,  216  ft  43.  3.82, 
192  ft,  714ft  45.  The  JFET  gate  is  open.  47.  Ca  is  shorted. 

Chapter  13: 

5.  1000  pS.  2000  pS,  3000  pS  7.  3  mA  9.  0  mA,  8  mA,  14.2  mA 
11.  8mA,16V  13.  10mA, 7.2V  15.  20mA, 6 V  17.  0,  is 

open.  19.  2.6  to  3.2  21.  0  mA  to  2  mA  23.  200  ft 

Chapter  14: 

1.  638.8  kHz,  27.7  kHz  3.  484.4  kHz,  50.46  kHz  5.13.64 
7.  9.5  kHz,  538.5  kHz  9.  1.152  MHz,  1.150  MHz  11.  520  Hz 
13.  169  Hz  15.  202.6  Hz  17.  28.4  dB,  26.5  dB.  25  dB,  13.9  dB 

19.520  Hz  21.  318.3  pF  23.  7pF  25.  533.9  kHz 

27.  13.45  MHz  29.  80.4  Hz,  583.3  kHz  31.  7.21  Hz 
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33.  24.1  Hz  35.  2.04  MHz,  7.96  MHz  37.  9  pF.  5  pF  1  pF 
39.  795.8  Hz,  1.24  MHz  41.77.23  kHz  43.537.5  kHz 

Chapter  15: 

1.  (+),(-);(+)  3.  16VPP  5.  133.3  mVPP  7.  150mVPP 

9.  12  mV  11.143.2  kHz  13.35.4  kHz  15.  ACL  =  120,  Zm  s 
1  kft,  Zout  <  50  ft,  CMRR  =  6000, =  79.6  kHz  17.  ACL=  1, 

Zin  =  100  kfl,  Zout  <  75  ft,  CMRR  =  200 ,/max  =  159  kHz  19.  A„  = 
101,  Zin  &  1  Mft,  ZOM  <  40  ft,  CMRR  =  50,500, /max  =  78.78  kHz 
21.  Act  =  41,  Zin  >  2  Mft,  ZOUI  <  100  ft,  CMRR  =  1242,/max  = 

291.1  kHz  23.  Aci  =  1,  Zin  =  5  Mft,  Zout  =  40  ft,  CMRR  =  1000, 
/max  =  318.3  kHz  25.30  kHz  27.  198.6  kHz  29.  The 
component  can  be  used.  31.  12  MHz  33.  25  MHz  35.  4.53 
37.  124.9  39.  Zinm  =  48  kft,  Zout(f)  =  995  mft  41.  ACL  =  100, 

Zin(f)  =  1  kft,  Zout((|  =  49.98  mft  43.  Rf  is  open.  45.  The  input 

op-amp  is  faulty.  47.  The  input  op-amp  is  open.  49.  500,000 

Chapter  16: 

I.  0  V  3.  +4V  5.  1.59  kHz  7.  72.34  Hz  9.  32.15  Hz 

II.  159  Hz,  1.59  kHz  13.  -Vout  =  V,  +  V2  +  V3,  -5  V 

15.  -Vout  =  1.5V,  +  3V2  +  1.5V3,  -4.35  V  17.  3  kft  19.  -2  V 
21.  R2  is  likely  open  23.  R|  is  open  25.  4.1V,  1.9  V 

Chapter  17: 

1.  7  3.  129  kHz  5.  308.3  kHz.  9.7,  187.5  kHz,  1.53 

7.  159.2  Hz,  11  9.  10.7  kHz,  1.5  11.  321.5  Hz,  1.98 

13.  9.46  kHz,  11  15.  1 12.5  kHz,  250.1  kHz,  137.6  kHz,  167.7  kHz, 

1.22  17.  5.88  kHz,  13.04  kHz,  7.16  kHz,  8.76  kHz,  1.224 

19.  /„:  6.98%,  fd.  3.7%.  21.  1.5  23.  1.31  kHz,  1.39  kHz,  80  Hz, 

1.35  kHz,  16.88  25.  809.3  Hz,  1128  Hz,  318.6  Hz,  968.6  Hz,  3.04 


27.  11, 9.82,  87.6  kHz,  8.92  kHz,  83.14  kHz,  92.06  kHz  29.  20V,  0A 
31.  +3V  33.  C,  isopen.  35.  A/cl  =  A fa  =  3.1  kHz 

Chapter  18: 

1.219.2  kHz  3.24.35  kHz  5.  27.84  kHz,  0.01,  100 

7.  19.29  kHz,  0.067,  15  9.  3.38  kHz,  0.01,  100  11.277.05  kHz, 

0.1,10  17.  5.76  mH 

Chapter  19: 

1.11.3  V  3.3.54  V  5.  0.9  V,  6  V  7.  20  ps,  50  ps 

9.  40%  11.  23.3  MHz,  233  kHz  13.  12.07  MHz,  120.7  kHz 

15.  23.3  MHz,  233  kHz  17.  5.38  MHz,  53.8  kHz  19.  20  ns,  60  ns, 

180ns, 70ns  21.  4.5  V, -4.5  V  23.  1 .66 V,  - 830 mV 

25.  4.67  V, -4.67  V  27.  5  V, -5V  29.11ms  31.0.7  V 

33.  5.45  kHz,  68.9%,  126  ps  35.  4.8  kHz,  66.7%,  138.6  ps 

37.  Ra  is  open  or  pin  7  is  shorted.  39.  MMBT2222,  MMBT2222A, 

MMBT4401 

Chapter  20: 

1.  It  cannot  withstand  the  surge.  3.  1.04  ms  5.  7.21  A 
7.  100  mV  9.  8.54  V  to  11.20  V  11.  9.5  V  to  13.82  V 
13.  461.5nm  15.  1666.7nm  17.  319  PHz  (P  =  1015) 

19.  34.5  V,  15  raA,  the  fuse.  21.  36.4  V 

Chapter  21: 

1.  5  pV/V  3.  3  pV/V  5.  133.3  pV/mA  7.  75  pV/mA 
9.6.1V  11.  3.5  A  13.35  V  15.12.0  V  17.7.2  V 

19.  12.0042  V  21.  0.041 7%/mA 
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Answers  to  Selected  Odd-Numbered  Problems 


Index 


1N4000  diodes,  41,  45 
1N5283-1N5314  current  regulator  diodes, 
185-187 

1N5908-1N6389  transient  suppressors, 
182-184 

2N3903  transistor,  221-222 
2N3904  transistor,  221-222,  254,  424 
2N3906  transistor,  424,  922-923 
2N4237-2N4239  transistors,  230-231 
2N4400-2N4401  series  transistors,  348 
2N5459  transistor,  485-486 
2N5484-2N5486  transistors,  503-506 
2N6344  triac,  859 
2N6426  Darlington  amplifier,  385 
2N6400  series  silicon-controlled  rectifiers, 
846-848 
3  dB  points,  558 
3N169  MOSFET,  528 
4N35-4N37  optoisolators,  879 
555  timers,  812-824 
as  astable  multivibrators,  821-824 
as  monostable  multivibrators,  815-821 
troubleshooting,  818-821,  824 
as  voltage-controlled  oscillators,  824 
741  operational  amplifiers,  598-599 
performance  curves  for,  617 
specification  sheets  for,  619 

Absolute  zero  temperature,  6 
AC  analysis  of  amplifiers 
common-base,  386-391 
common-collector,  366-380 
common-emitter,  317-362 
common-source,  482-493 
Darlington,  381-386 
AC  beta,  321-322 
Acceptor  atoms,  8,  1 1 
Accuracy,  percentage  of  error  in,  27-28,  717 
AC  emitter  resistance 

in  common-collector  amplifiers,  370 
in  common-emitter  amplifiers,  320-321, 
326,  342 

equation  for,  945-946 
in  swamped  common-emitter  amplifiers, 
342 

AC  equivalent  circuits,  327-328,  332,  335-336 
AC  ground 

in  common-base  amplifiers,  295 
in  common-collector  amplifiers,  294 


in  common-emitter  amplifiers,  293, 
325-326 

AC  load  lines,  404-410 
ac  saturation  current  in,  405-406 
for  class  B  amplifiers,  425 
for  compliance  values,  406-409 
AC  load  power,  411-413 
AC  oscilloscope  coupling,  107 
AC  saturation  current,  405-406 
Active  filters,  698-726 
for  audio  crossover  networks,  722 
fault  symptoms  of,  724-725 
gain  requirements  of,  708-709,  710 
for  graphic  equalizers,  722-723 
high-pass,  707-708 
multiple-feedback  band-pass,  712-718 
for  noise  reduction,  723-724 
notch  filters,  718-721 
single-pole  low-pass,  702-704 
three-pole  low-pass,  706-707 
troubleshooting,  725-726 
two-pole  low-pass,  704-706 
two-stage  band-pass,  709-712 
Active  region 
for  BJTs,  206,  208,  218 
in  collector  characteristic  curves,  218 
Actual  power,  dBm  reference  for,  305-306 
Adjustable  voltage  regulators,  904 
Admittance 

of  common-gate  amplifiers,  497-498 
components  of,  505 
h-parameters  for,  346 
of  JFETs,  505-506 
Aerosol  coolants,  122 
Alphanumeric  symbols,  136 
Alpha  rating,  214-215 
Aluminum,  7 

Ambient  temperature  with  operational 
amplifiers,  618 
AM  detectors,  144 
Ammeter,  dc,  84 
Amplification,  2,  284 
Amplifiers,  202,  284-308.  See  also  Tuned 
amplifier 
audio,  404,  683 

bandwidth  of,  550-554.  See  also 
Frequency  response 
cascode,  538-539 
class  A.  See  Class  A  amplifiers 


class  AB.  See  Class  AB  amplifiers 
class  B.  See  Class  B  amplifiers 
class  C.  See  Class  C  amplifiers 
classifications  of,  297-302 
common-base.  See  Common-base  (CB) 
amplifiers 

common-collector.  See  Common-collector 
(CC)  amplifiers 
common-drain,  493-496 
common-emitter.  See  Common-emitter 
(CE)  amplifiers 
common-gate,  497-499 
common-source.  See  Common-source 
amplifiers 

compliance  of,  406-409, 413 
configuration  of,  determining,  296 
Darlington,  381-386 
dc,  632 

designing,  972-976 
distortion  in.  See  Distortion 
efficiency  of.  See  Efficiency 
frequency  response  of.  See  Frequency 
response 
gain  of.  See  Gain 

general  amplifier  model  of,  284-285 
general  voltage  model  of,  287 
ideal,  291-292 

impedance  of.  See  Impedance 
input  impedance,  287-288 
instrumentation,  681-682 
inverting.  See  Inverting  amplifiers 
multistage,  338-340,  556,  584-586 
noninverting.  See  Noninverting  amplifiers 
operational.  See  Operational  amplifiers 
output  voltage  of,  288-291 
power.  See  Power  amplifiers 
RF,  506,  539 

summing,  672-680,  718-719,  722-723 
tuned.  See  Tuned  circuits 
Amplitude 

and  integrators,  666-667 
in  oscillator  stability,  757 
Analog  meters  for  testing  diodes,  57-58 
Anode  current  interruption 

for  silicon-controlled  rectifiers,  846 
for  silicon  unilateral  switches,  841-842 
Anodes 

of  diacs,  856-857 
of  diodes,  20 
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Anodes,  continued 
of  light-emitting  diodes,  54-55 
of  silicon-controlled  rectifiers,  845 
of  silicon  unilateral  switches,  840 
Antimony,  7 
Apparent  power,  730 
Approximated  values 
circuit  values,  929-93 1 
of  h-parameters,  939-941 
percentage  of  error  for,  27-28,  717 
Armstrong  oscillators,  768 
Arsenic,  7 

Astable  multivibrators,  812 
555  timers  as,  821-824 
for  pulse-width  modulation,  911 
troubleshooting,  824 
Asymmetrical  trigger  points,  8 1 1 
Atomic  theory,  2-6 

charge  and  conduction  in,  4-5 
covalent  bonding  in,  4 
temperature  in,  5 
Attenuation 

in  feedback  networks,  639 
in  single-pole  low-pass  filters,  704 
Attenuation  factor,  639-640,  754 
Audio  amplifiers,  404,  683 
Audio  crossover  networks,  722 
Automated  transistor  manufacturing 
machine,  318 

Automatic  gain  control  (AGC),  539 
Avalanche  current,  30 
Average  current 
in  class  AB  amplifiers,  439 
in  diodes,  3 1-32,  38,  42 
for  full-wave  bridge  rectifiers,  94 
for  half-wave  rectifiers,  84 
Average  (dc)  output  voltage  for  filter 
capacitor,  105 

Average  forward  current,  31-32 
Average  forward  voltage  drop  ratings,  43 
Average  load  voltage 
for  full-wave  bridge  rectifiers,  94 
for  full-wave  rectifiers,  89 
for  half-wave  rectifiers,  84 
Average  on-state  current  and  voltage,  844 
Average  output  voltage,  910 
Averaging  amplifiers,  678-679 

Back-to-back  transient  suppressors,  184-185 
Band-pass  filters,  709-718 
fault  symptoms  of,  724-725 
multiple-feedback,  712-714 
two-stage,  709-712 
Bands  in  atoms,  4 
Band-stop  filters,  718-721 
Bandwidth  of  amplifiers,  550-555.  See  also 
Frequency  response 
multistage,  585 
operational,  633-635 
tuned,  732 

Barkhausen  criterion,  754 
Barrier  diodes,  191 
Barrier  potential,  1 1,  20 
Base  bias,  245-250 
applications  of,  249 


circuit  analysis  of,  245-248 
(2-point  shift  in,  248-249 
Base  current 

in  BJTs,  203-204,  210,  224 
cutoff  ratings  for,  224 
in  differential  amplifiers,  610 
Base-emitter  junction,  205 
Base-emitter  saturation  voltage  rating,  224 
Base  input 

capacitance  of,  569-573 
impedance  of,  948-949 
resistance  of,  256-258 
Bases 

in  BJTs,  202 

characteristic  curves  for,  219-220 
in  unijunction  transistors,  865 
Base  voltage 
in  BJTs,  204 

in  emitter  bias  circuits,  263 
in  voltage-divider  bias  circuits,  251 
Battery-operated  equipment,  914 
Bessel  filters,  701-702 
Beta  curves,  220-221 
Beta-dependent  circuits,  249 
Beta-independent  circuits,  249 
Beta  rating 
of  BJTs,  212-214 

in  common-emitter  amplifiers,  321-322 
Bias  and  biasing  circuits,  1 1-14, 206,  239-281 
base  bias,  245-250 
for  class  A  amplifiers,  299 
for  class  AB  amplifiers,  300 
for  class  B  amplifiers,  299-300 
for  class  C  amplifiers,  301 
for  common-base  amplifiers,  386 
for  common-collector  amplifiers,  375-377 
for  common-emitter  amplifiers,  353 
dc  load  line  in,  240-245 
for  depletion-type  MOSFETs,  526 
for  diodes,  20-21,423,433 
emitter  bias.  See  Emitter  bias 
for  enhancement-type  MOSFETs,  531-532 
feedback  bias,  267-27 1 
forward,  12 
for  JFETs,  470-482 
for  operational  amplifiers,  613 
reverse,  13-14 

for  transformer-coupled  amplifiers,  416 
for  varactor  diodes,  174 
voltage-divider  bias.  See  Voltage-divider 
bias 

Biased  clampers,  148-150,  158-159 
Biased  clippers,  141-142 
Biasing  resistors,  434 
Bias  lines,  471, 474, 475, 478-479,  482 
Bidirectional  thyristors,  856 
diacs,  856-857 
triacs.  See  Triaes 
Biomedical  electronics,  722 
Bipolar  junction  transistors  (BJTs),  202-231 
active  region  of,  206,  208 
alpha  rating  of,  214 
amplifier  configurations  for,  293-296 
beta  rating  of,  212-213 
biasing  of.  See  Bias  and  biasing  circuits 


on  characteristics  of,  224 
circuits  characteristic  curves  for,  217-221 
in  class  B  amplifiers,  421 
in  common-base  amplifiers.  See  Common- 
base  (CB )  amplifiers 
in  common-collector  amplifiers.  See 
Common-collector  (CC)  amplifiers 
in  common-emitter  amplifiers.  See 
Common-emitter  (CE)  amplifiers 
construction  and  operation  of,  205-209 
currents  in,  203-204,  210,  212 
cutoff  condition  for,  207,  784 
high-current,  228 
high-power,  228 
high-voltage,  228 
integrated,  227-228 
off  characteristics  of,  224 
pnp  vs.  npn,  225-226 
saturation  condition  for,  206,  218,  224,  784 
schematic  symbols  for,  203 
specification  sheets  for,  221-224 
supply  voltages  for,  226-227 
surface-mount,  228-229 
as  switches,  784—787 
switching  times  in,  794-798 
testing,  225,  226 

voltages  in,  204,  216-217,  224,  226 
zero  biasing  of,  206-207 
Bismuth,  7 

Bistable  multivibrators,  812 
Blocking  current  ratings,  846-850 
Blocking  regions 

for  silicon-controlled  rectifiers,  845 
for  silicon  unilateral  switches,  842 
Blocking  voltages  ratings,  40,  846 
Blown  fuses,  118-120 
Bode  plots 

for  frequency  response,  557-558 
for  gain  roll-off,  563-565 
for  multistage  amplifiers,  586 
for  operational  amplifiers,  632-633 
Bohr  model,  3 
Boron,  7 

Breakdown  region,  218-219 
Breakdown  voltage 
of  JFETs,  504 
of  light-emitting  diodes,  55 
of  transient  suppressors,  183 
of  varactor  diodes,  175 
of  zener  diodes,  46-47 
Breakover  current,  843-844 
Breakover  voltages 
for  diacs,  856-857 
for  silicon  unilateral  switches,  840 
Bridge  rectifiers,  78,  92 
integrated  circuit,  97,  99 
Buffers 

common-collector  amplifiers  for. 

375-377 
JFETs  for,  506 

noninverting  amplifiers  for,  626 
for  switching  circuits,  802-803 
Bulk  resistance 
of  diodes.  12,  36-37 
of  rectifiers,  97 
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Butterworth  filters,  700-701 
gain  requirements  of,  708-709,  710 
single-pole  low-pass,  702-704 
Bypass  capacitors 
in  common-base  amplifiers,  295 
in  common-collector  amplifiers,  377-378 
in  common-emitter  amplifiers,  293, 
325-326 

for  comparators,  662 

for  power  supply  oscillations,  757-758 

for  silicon-controlled  rectifiers,  85 1 

Calculations,  /i-parameters  in,  345-351 
Calibration  for  instrumentation 
amplifiers,  682 
Capacitance 

in  Clapp  oscillators,  767-768 
of  diodes,  37-38, 45 
of  dual-gate  MOSFETs,  533 
in  high-frequency  response,  568-570 
isolation,  880 
of  JFETs,  506,  581-583 
junction,  37,  767 
Miller,  570-571 
of  operational  amplifiers,  635 
of  optoisolators,  880 
oscillations  from,  757-758 
of  quartz  crystals,  771 
in  tuned  amplifiers,  726-728 
with  varactor  diodes,  174-175 
Capacitance  checkers,  121 
Capacitance  ratio  of  varactor  diodes,  177 
Capacitors.  See  also  LC  circuits;  RC  circuits 
in  BJT  switching,  799-800 
bypass.  See  Bypass  capacitors 
for  clampers,  146-147 
in  Clapp  oscillators,  767-768 
in  Colpitts  oscillators,  761-766 
in  common-base  amplifiers,  295 
in  common-collector  amplifiers,  377-378 
in  common-emitter  amplifiers,  293, 
322-326 

for  comparators,  662 

coupling,  323-325 

decoupling,  371-378,  820 

in  dual-polarity  power  supplies,  155,  905 

electrolytic,  121, 151 

faults  in,  120 

in  FET  switching,  801 

in  filters,  101-102 

in  full-wave  voltage  doublers,  152-153 
in  half-wave  voltage  doublers,  151 
for  integrators,  667-668 
miniaturization  of,  240 
in  multiple-feedback  band-pass  filters, 
712-714 

PIN  diodes  as,  192-193 

for  power  supply  oscillations,  757-758 

shorted,  120 

for  silicon-controlled  rectifiers,  85 1 
speed-up,  540,  799-800 
in  switching  regulators,  908 
testing,  120,  773-774 
tolerances  for,  733 
Carbon,  3 


Carbon  resistors,  261 
Carriers,  majority  and  minority,  7 
Cascaded  amplifiers,  338-340 
Cascode  amplifiers,  538-539 
Case  temperature,  448 
Cathodes 
of  diodes,  20 

of  light-emitting  diodes,  54,  55 
of  silicon-controlled  rectifiers,  845 
of  silicon  unilateral  switches,  840 
CCOs  (crystal-controlled  oscillators), 
772-773 

Center  frequency,  552-554 
of  multiple-feedback  band-pass  filters, 
714-718 

of  parallel  LC  circuits,  727-728 
of  tuned  amplifiers,  697-698 
of  two-stage  band-pass  filters,  710,  712 
Center-tapped  transformers,  87-88,  421-422 
Channels 
in  JFETs,  460 
in  MOSFETs,  520-521 
Characteristic  curves,  217-221 
Charge,  electric,  3-4 
Charge  times 

in  capacitor  filters,  101 
in  one-shot  multivibrators,  816 
Chebyshev  filters,  700-701 
Circuit  analysis 
effect  of  VF  on,  26,  27 
percentage  of  error  in,  7 17 
Circuit  development,  diode  model  for,  22 
Circuit  fusing  rating,  846,  851-852 
Clampers,  136,  145-150 
biased,  148-150,  158-159 
faults  with,  158-159 
negative  vs.  positive,  148 
operation  of,  146-148 
voltage  shifts  with,  146 
zener,  149 

Clamping  voltage  ratings,  183 
Clapp  oscillators,  767-768 
Class  A  amplifiers,  299,  302 
efficiency  of,  413-414, 418-419,  949-951 
power,  410-413 
rc-coupled,  410-414 
transformer-coupled,  415-419,  950-951 
Class  AB  amplifiers,  300,  433-446 
analysis  of,  438-440 
crossover  distortion  in,  437 
Darlington,  444-445 
dc  characteristics  of,  434-436 
efficiency  of,  438-439 
operation  of,  436 
power,  439 

thermal  runaway  in,  437-438 
transistor-biased  complementary- 
symmetry,  445 
troubleshooting,  440-443 
Class  B  amplifiers,  299-300,  302,  421-433 
ac  operating  characteristics  of,  425-427 
dc  operating  characteristics  of,  423-425 
efficiency  of,  421, 431-432,  951-952 
gain  of,  427-428 
impedance  of,  427 


instantaneous  power  dissipation  in,  951-952 
operation  of,  422-423 
power,  428-431 

Class  C  amplifiers,  301-302,  735-738 
ac  operation  of,  736-738 
dc  operation  of,  735-736 
Cleaning  sockets,  631 
Clippers,  136-144 
for  AM  detectors,  144 
biased,  141 

current-limiting  resistors  for,  140-141 
faults  with,  157-158 
for  precision  rectifiers,  684-685 
series,  136-137 
shunt,  137-141 

in  switching  regulators,  908-909 
for  transient  protection,  143-144 
Clipping 

and  compliance,  406-409 
and  midpoint  bias,  245-246 
in  operational  amplifier  circuits,  630-631 
with  oscillators,  854-856 
Closed-loop  voltage  gain 
in  inverting  amplifiers,  622 
in  noninverting  amplifiers,  626 
Closed  switches,  diodes  as,  22,  24 
CMOS  logic,  535-537 
CMOS  switches,  790-791 
Coarse  tuning  circuits,  177-178 
Collector-base  junction,  205-206,  208 
capacitance  of,  569-570 
voltages  of,  216-217 
Collector  current,  203-204,  210-216 
in  class  AB  amplifiers,  438-439 
in  class  B  amplifiers,  425-426,  429 
in  dc  load  line,  240 
in  differential  amplifiers,  610 
in  emitter  bias  circuits,  264 
in  phototransistors,  876-877 
in  (2-point  shift,  248-249 
in  voltage-divider  bias  circuits,  251-253, 
259 

Collector  cutoff  current  ratings,  224 
Collector-emitter  voltage 
in  class  AB  amplifiers,  439 
in  class  B  amplifiers,  425-427 
in  dc  load  line,  240-245 
saturation  rating,  224 
in  voltage-divider  bias  circuits,  251-252 
Collector-feedback  bias,  268-269 
Collectors,  202 

bypass  capacitors  for,  377-378 
characteristic  curves  of,  216-217 
supply  voltages  for,  216 
Collector  supply  voltage  in  BJTs,  204 
Colors  of  light-emitting  diodes,  55 
Colpitts  oscillators,  762-767 
amplifier  coupling  in,  765 
crystal-controlled,  772-773 
feedback  networks  in.  763-765 
gain  in,  765 

Common-anode  displays,  157 
Common-base  (CB)  amplifiers,  295-296, 

366,  386-391 
ac  analysis  of,  386-389 
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Common-base  (CB)  amplifiers,  continued 
for  high-frequency  applications,  389-390 
/[-parameters  for,  941 
troubleshooting,  390 
Common-cathode  displays,  156 
Common-collector  (CC)  amplifiers,  294-295, 
296,  366-380 
ac  analysis  of,  370-375 
applications  of,  375-377 
current  gain  of,  371-372 
Darlington,  381-386 
dc  load  line  of,  368 
dc  operation  of,  366-369 
decoupling  capacitors  in,  377-378 
emitter-feedback  bias  in,  375-377 
/(-parameters  for,  942 
input  impedance  of,  372-373,  376 
output  impedance  of,  373-374,  376 
power  gain  of,  372 
push-pull,  421-422 
troubleshooting,  380 
voltage  gain  of,  370-371 
Common-drain  amplifiers,  493-496 
Common-emitter  (CE)  amplifiers,  293-294, 
295-296,  317-364 
ac  analysis  of,  318-338 
ac  beta  in,  321-322 

ac  emitter  resistance  in,  320-322,  326,  342 
bias  in,  353 

bypass  capacitors  in,  293,  325-326,  340 
coupling  capacitors  in,  323-325 
current  gain  of,  321-322,  333-334 
designing,  972-976 
/[-parameters  for,  345-351 
/[-parameters  for,  941 
input  impedance  of,  336-337 
input/output  phase  relationships  in, 
318-320 
loading  on,  335 

nonlinear  distortion  in,  352-353 
power  gain  of,  294,  334 
signals  in,  326-327 
swamping,  340-344 
troubleshooting,  351-352 
voltage  gain  of,  329-333 
Common-gate  amplifiers,  497-499 
Common-mode  operation 
in  differential  amplifiers,  611 
in  inverting  amplifiers,  623 
Common-mode  rejection  ratio  (CMRR) 
in  instrumentation  amplifiers,  681-682 
in  inverting  amplifiers,  623 
in  operational  amplifiers,  613-614 
in  voltage  followers,  629 
Common-mode  signals,  613-614 
Common-source  amplifiers,  482-493 
ac  operating  characteristics  of,  482-493 
input  impedance  of,  491-493 
operation  of,  483-484 
swamping,  489-491 
transconductance  curves  for,  484—486 
voltage  gain  of,  487-489 
Communications 

amplifiers  for.  See  Tuned  circuits 
digital,  540 


Communications  electronics,  404 
Commutation 

forced.  See  Forced  commutation 
for  silicon-controlled  rectifiers,  846 
for  silicon  unilateral  switches,  843 
for  triacs,  858 
Comparators,  658-665 
applications  of,  658-659 
circuits  for,  659-661 
control  circuits  as,  908 
reference  levels  for,  661-662 
troubleshooting,  662-664 
Compensating  diodes,  434 
Compensating  resistor,  612 
Complementary  MOS  (CMOS),  535-537, 
790-791 

Complementary-symmetry  amplifiers,  421, 
444-445 

Complete  diode  model,  34-39 
bulk  resistance  in,  34-36 
capacitance  in,  37-38 
diffusion  current  in,  38 
reverse  current  in,  36-37 
temperature  effects  in,  38-39 
Compliance,  406-409 
ac  load  lines  for,  406-409 
of  class  B  amplifiers,  428-432 
of  transformer-coupled  amplifiers,  418-419 
Conductance,  505 
Conduction,  3—4 
with  class  A  amplifiers,  299 
with  class  B  amplifiers,  299-300 
with  class  C  amplifiers,  301 
Conduction  angle,  852 
Conduction  bands,  4 
Constant-current  charge,  668 
Constant-current  diodes,  185-188 
applications  of,  186-188 
specification  sheets  for,  186-187 
Constant  current  region,  463 
Control  voltage  for  555  timers,  814,  818-819 
Coolants,  122 

Cooling  in  power  amplifiers,  448-449 
Core  of  atoms,  2 
Counter  emf,  144,  417 
Coupling 

in  Colpitts  oscillators,  765 
in  common-emitter  amplifiers,  323-325 
Covalent  bonding,  4 
Critical  rise  ratings,  850 
Crossover  distortion 

in  class  AB  amplifiers,  433,  437 
in  class  B  amplifiers,  423 
Crossover  networks,  722 
Crowbar  circuits,  851-852,  900 
Crystal-controlled  oscillators,  772-773 
Crystals,  5,  770-772 
Current 

in  ac  load  lines,  405-406 

in  BJTs,  203-204,  207-208,  210-215,  224 

in  class  AB  amplifiers,  438—139 

in  class  B  amplifiers,  425-426, 429-430 

in  common-source  amplifiers,  484-485 

in  dc  load  line,  240-243 

in  depletion-type  MOSFETs,  522-525 


in  diacs,  856-857 

in  differential  amplifiers,  609-61 1 

diffusion,  14 

in  diodes,  31-32,  37, 42,  86 
in  emitter  bias  circuits,  263-266 
in  enhancement-type  MOSFETs,  527-532 
in  full-wave  bridge  rectifiers,  94—95 
in  full-wave  rectifiers,  88-90 
in  half-wave  rectifiers,  82-84 
in  high-current  BJTs,  228 
isolation,  880 
in  JFETs,  460-464 
in  LC  tank  circuits,  727-728 
in  operational  amplifiers,  612,  613,  614, 
618 

phase  relationships  of,  318-320 
in  photodiodes,  873,  875 
in  phototransistors,  876-877 
in  Q-point  shift,  248-249 
regulators  for,  185-188 
reverse  saturation,  36 
in  silicon-controlled  rectifiers,  846-850 
in  silicon  unilateral  switches,  841-843, 
844 

surge.  See  Surge  current 
in  transformers,  77 
in  tunnel  diodes,  188-189 
in  unijunction  transistors,  865-867 
in  voltage-divider  bias  circuits,  250-253, 
255-259 

in  zener  diodes,  45^18 
in  zener  voltage  regulators,  112-113 
Current-controlled  resistance,  193 
Current  dividers,  337 
Current  gain 
of  amplifiers,  285,  286 
of  BJTs,  204 
of  class  B  amplifiers,  427 
of  common-base  amplifiers,  295 
of  common-collector  amplifiers,  294, 
371-372 

of  common-emitter  amplifiers,  294, 
333-334,  337-338 
of  Darlington  amplifiers,  383-385 
equation  for,  946-947 
/[-parameters  for,  345-351,  933-935 
Current  gain-bandwidth  product,  569 
Current  interruption 

for  silicon-controlled  rectifiers,  846 
for  silicon  unilateral  switches,  841-842 
for  triacs,  858 
Current  latches 

cutting  off,  841-842 
operation  of,  840-841 
specifications  for,  843-844 
Current-limiting 

for  clippers,  140-141 
for  dual-polarity  power  supplies,  905 
for  light-emitting  diodes,  55-56 
for  series  voltage  regulators,  897 
for  silicon  unilateral  switches,  843 
for  surge  current,  104 
Current  ratings 
for  BJTs,  215-216 

for  diodes,  32,  36,  37,  38,  42,  43,  86,  186 
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Current  ratings,  continued 
for  JFETs,  503-506 
for  linear  IC  voltage  regulators,  903 
for  operational  amplifiers,  618 
for  optoisolators,  880 
for  silicon-controlled  rectifiers, 

846-850 

for  transient  suppressors,  1 83 
for  varactor  diodes,  176 
for  zener  diodes,  52 
Current-source  bias,  481 
Current  sources 
Norton,  933 

voltage-controlled,  683-684 
Cutoff 

ofBJTs,  206-207,210,  784 
in  class  B  amplifiers,  424 
in  emitter  bias  circuits,  266 
of  silicon  unilateral  switches,  841-842 
of  triacs,  858 

in  voltage-divider  bias  circuits,  256 
Cutoff  clipping,  407-408 
Cutoff  current  ratings,  216,  224 
Cutolf  frequencies,  551-554.  See  also  Active 
filters 

combined  effects  of,  565-568 
and  decibel  power  gain,  555-557 
for  differentiators,  67 1 
equations  for,  953-955 
for  integrators,  669-670 
measuring,  554-555 
of  multiple-feedback  band-pass  filters, 
714-715 

for  tuned  amplifiers,  732 
Cutoff  regions,  206,  207 
Cutoff  voltage,  464-466 
Cycle  time 

of  astable  multivibrators,  816-818 
of  waveforms,  792 

Dacey,  G.  C„  460 
Damping  of  oscillators,  755 
Dark  current  in  photodiodes,  873 
Darlington  amplifiers,  381-386 
ac  analysis  of,  383-386 
complementary-symmetry  class  AB, 
444-445 

dc  analysis  of,  381-383 
quick  analysis  of,  385 
Darlington  pairs,  366,  381-386 
Darlington  transistors  in  pass-transistor 
regulators,  896 
dBm  reference,  305 
DC  alpha  values,  214—215 
DC  ammeter,  84 
DC  amplifier,  632 
DC  average  value,  shift  in,  145-146 
DC  beta  values  ofBJTs,  212-214 
DC  blocking  voltage  ratings,  40,  42 
DC  current,  equivalent,  84 
DC  current  gain,  224 
of  voltage-divider  bias  circuit,  253-255 
DC  equivalent  circuits 
for  common-emitter  amplifiers,  324 
for  diodes,  35 


DC  equivalent  load  voltage  for  half-wave 
rectifier,  83 
DC  isolation 

in  common-emitter  amplifiers,  324 
optocoupling  for,  877 
DC  load  current 

for  full-wave  bridge  rectifier,  94 
DC  load  lines.  240-245 
for  class  B  amplifiers,  423-424 
for  class  C  amplifiers,  735-736 
for  common-collector  amplifiers,  368 
for  power  amplifiers,  404-406 
2-point  on,  243-245 
DC  load  voltage 
for  full-wave  bridge  rectifier,  94 
DC  operation  of  common-collector 
amplifiers,  366-368 
DC  power  amplifier,  410-41 1 
DC  power  dissipation  ratings,  49,  5 1 
DC  power  supplies.  See  Power  supplies 
DC  reference  voltage,  145 
DC  restorers.  See  Clampers 
DC-to-dc  converters,  913 
DC  voltage  in  BJTs,  204 
DC  zener  current  ratings,  52 
Decades 

in  frequency  response,  557 
in  gain  roll-off  plots,  563-564 
Decibels  (dB) 
dBm  reference  for,  305 
and  frequency  response,  555-557 
gain  changes  in,  308 
power  gain  in,  303-306, 555-557 
voltage  gain  in,  306,  307 
Decoder-drivers,  160 
Decoupling  capacitors,  377-378,  820 
Delay  times 

in  BJT  switching,  794—798 
with  Schottky  diodes,  192 
in  Wien-bridge  oscillators,  758-759 
Depletion  layers 
and  bias,  1 1 
formation  of,  10 
in  forward  biasing,  12-13 
in  JFETs,  461-464 
in  reverse  biasing,  13-14 
Depletion-mode  operation,  520,  522-524 
Depletion-type  (D-)  MOSFETs,  522-527 
biasing  circuits  for,  526 
drain  curves  for,  524-525 
input  impedance  of,  526 
vs.  JFETs,  526-527 
transconductance  of,  525-526 
Derivations  of  equations,  943-960 
for  ac  emitter  resistance,  945-946 
for  average  load  voltage,  943-944 
for  current  gain,  946-947 
for  cutoff  frequencies,  953-955 
for  effective  gain,  956 
for  gain  roll-off  rate,  954-955 
for  input  impedance,  948-949 
for  instantaneous  power  dissipation  in 
class  B  amplifier,  951-952 
for  instantaneous  voltage,  955-956 
for  output  impedance,  947-948 


for  parallel  equivalent  resistance,  957-959 
for  slew  rate,  955-956 
Designator  codes  for  operational 
amplifiers,  600 

Designing  amplifiers,  972-976 
Detectors 
AM,  144 

light.  See  Photodetectors 
Diacs,  856-857,  861-862 
Diamonds,  5 

Dielectric  in  capacitors,  174 
Differential  amplifiers,  609-619 
modes  of  operation  for,  61 1 
in  operational  amplifiers,  601 
operation  of,  609-61 1 
Differential  operation  mode,  611 
Differentiators,  670-672 
Diffusion,  9 

Diffusion  current,  14,  38 

Digital  circuits,  comparators  for,  658-659 

Digital  communications,  540 

Digital  computers,  development  of,  784 

Digital  meters,  57-59 

Digital-to-analog  (D/A)  converters,  677-678 
Diode  bias,  423,  434 
Diode-biased  amplifiers.  See  Class  AB 
amplifiers 

Diode  capacitance  ratings,  177 
Diode  capacitance  temperature 
coefficient,  175 
Diodes,  20-60 

average  forward  current  rating  of,  32, 42, 43 

bias  for,  20-21 

bulk  resistance  of,  34-36 

capacitance  of,  37-38,  45 

clamper,  145-150,  158-159 

in  class  AB  amplifiers,  434-435 

clipper.  See  Clippers 

comparison  of,  59,  60 

complete  model  of,  22,  34-39 

constant-current,  185-188 

development  of,  20 

dilfusion  current  in,  37 

forward  power  dissipation  rating  of,  32-34 

forward  voltage  of,  25-27,  43 

in  full-wave  bridge  rectifiers,  92-93 

in  full-wave  rectifiers,  87-88 

in  half-wave  rectifiers,  78-79,  85 

ideal  model  of,  22-24,  78 

identification  of,  42 

light-emitting.  See  Light-emitting  diodes 
(LEDs) 

models  of,  21-39 

peak  reverse  voltage  rating  of,  30,  31,  43 

photodiodes,  873-876 

PIN, 192-194 

pn-junction,  20-21,  149 

pnpn.  See  Silicon  unilateral  switches  (SUSs) 

practical  model  of,  25-34 

rectifier.  See  Rectifiers 

reverse  current  in,  23,  34,  36-37,  46 

Schottky,  191-192 

in  series,  28 

specification  sheets  for,  31,  40-45 
step-recovery,  194 
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Diodes,  continued 

in  switching  regulators,  908 
temperature  effects  on,  38-39, 433,  434, 
437-438 
testing,  57-59 

transient  suppressors,  180-185 
troubleshooting,  157-160 
tunnel,  188-191 
varactor,  174-180 
voltage  multipliers,  150-155 
zener.  See  Zener  diodes 
Discrete  components,  228,  598 
Discrete  tuned  amplifiers,  726-732 
ac  circuit  conditions,  728-729 
figure  of  merit  for,  729-732 
loaded- 2,  731-732 
parallel  LC  circuits,  727-728 
practical  considerations  in,  733-734 
troubleshooting,  734 
tuning,  733 
Displays 

faults  with,  160 
liquid-crystal,  157 
multisegment,  156-157 
Distortion,  299 
in  class  A  amplifiers,  299 
in  class  AB  amplifiers,  433,  437 
in  class  B  amplifiers,  300,  423 
in  class  C  amplifiers,  301 
in  common-collector  amplifiers,  377-378 
in  common-emitter  amplifiers,  352-353 
from  cutoff  clipping,  407 
and  slew  rate,  615-616 
Donor  atoms,  1 1 
Doping,  6-8 
for  «-type  materials,  6-7 
for  p- type  materials,  6,  7-8 
Doublers,  voltage,  151-152 
Drain  current 

in  common-source  amplifiers,  484-485 
in  depletion-type  MOSFETs,  522-526 
in  enhancement-type  MOSFETs, 

528-532 

in  JFETs,  461-464 
Drain  curves,  463,  524—525 
Drain-feedback  bias  circuits,  531-532 
Drain  in  JFETs,  460 
Drain-source  voltage,  531 
Drain  voltage,  483 
Drift,  734 
Drivers 

decoder,  160 

for  light-emitting  diodes,  791 
switch,  908-909 
transistor,  444 

Dual-gate  MOSFETs,  532-533 
Dual-in-line  packages  (DIPs),  228,  601,  879 
Dual-polarity  class  AB  amplifiers,  445-446 
Dual-polarity  power  supplies,  155,  263, 
904-905 

Dual-tracking  voltage  regulators,  904 
Duty  cycle 

of  astable  multivibrators,  822-823 
of  waveforms,  794 
Dynamic  impedance  ratings,  186 


Effective  voltage  gain,  240-241,  634-640 
equation  for,  956 
Efficiency,  297-299, 404 
of  class  A  amplifiers,  299,  413-414, 
418-419,949-951 
of  class  AB  amplifiers,  439 
of  class  B  amplifiers,  300,  431-432, 
951-952 

of  class  C  amplifiers,  301 
of  switching  regulators,  913 
Electrical  characteristics 
of  diodes,  41, 43 
of  /i-parameters,  345-351 
of  transient  suppressors,  182-184 
of  varactor  diodes,  175-178 
of  zener  diodes,  52 
Electrolytic  capacitors,  121,  150 
Electromagnetic  energy,  871 
Electron-hole  pairs,  5 
Electronic  tuning,  733 
Electrons,  2 
as  majority  carriers,  7 
Electron  volt  (eV),  4 
Emitter  bias,  263-267 
base  voltage  in,  263 
circuit  analysis  of,  265-266 
in  common-collector  amplifiers,  375-376 
saturation  and  cutoff  in,  266 
Emitter  current 
in  BJTs,  203,  212-214 
in  differential  amplifiers,  609-61 1 
with  emitter  bias,  264 
for  unijunction  transistors,  865 
Emitter-follower  amplifiers.  See  Common- 
collector  (CC)  amplifiers 
Emitter  resistance 

in  common-collector  amplifiers,  370 
in  common-emitter  amplifiers,  320-321, 
326,  342 

equation  for,  945-946 
in  swamped  amplifiers,  340-344 
Emitters 
in  BJTs,  203 

in  unijunction  transistors,  865 
Emitter  supply  voltage  in  BJTs,  204 
Energy 

in  apparent  power,  730 
electromagnetic,  871 
thermal,  5 

Energy  gap  in  atomic  shells,  4 
Engineering,  diode  model  for,  22,  34 
Enhancement-mode  operation,  527-530 
Enhancement-type  (E-)  MOSFETs,  528-532 
ENIAC  digital  computer,  784 
Epicaps,  176.  See  also  Varactor  diodes 
specification  sheets  for,  176-177 
for  tuned  circuits,  178-180 
for  voltage-controlled  tuning,  733 
Equations,  derivations  of,  943-960 
for  ac  emitter  resistance,  945-946 
for  current  gain,  943-944 
for  cutoff  frequencies,  953-955 
for  effective  gain,  956 
for  gain  roll-off  rate,  953-954 
for  input  impedance,  948-949 


for  instantaneous  power  dissipation  in 
class  B  amplifier,  951-952 
for  instantaneous  voltage,  955-956 
for  output  impedance,  947-948 
for  parallel  equivalent  resistance,  957-959 
for  slew  rate,  955-956 
Equivalent  circuits,  84 
for  common-emitter  amplifiers,  327-328 
hybrid,  932-933 
for  pn  diodes,  35 
for  zener  diodes,  48 
Error,  percentage  of,  27-29,  717 
Error  detectors 

in  series  feedback  voltage  regulators,  896 
in  shunt  voltage  regulators,  899 
Error  voltage  in  switching  regulators,  910 
eV  (electron  volt),  4 
External  oscilloscope  triggers,  353 
Extrinsic  semiconductors,  6 

Fading,  540 

Fall  time,  795-797,  799 
False  triggering 

of  silicon-controlled  rectifiers,  850-85 1 
of  triacs,  860-862 
Feedback,  752-755 
in  comparator  circuits,  659 
gain  of  amplifiers  with,  638-641,  954 
and  impedance,  642-643 
in  inverting  amplifiers,  622 
mathematical  analysis  of,  638-641 
in  multiple-feedback  band-pass  filters, 
712-714 

in  operational  amplifiers,  602,  636-643 
in  oscillators,  752-755 
in  Wien-bridge  oscillators,  758-761 
Feedback  bias,  267-271 
collector-feedback  bias,  267-269 
emitter-feedback  bias,  269-271 
stability  of,  269 
Feedback  factor,  640 
Feedback  ratio,  346-347 
Feedback  resistors 

in  integrators,  669-670 
in  noninverting  Schmitt  triggers,  806 
in  operational  amplifier  circuits,  630, 
636-643 

Feedback  voltage  regulators,  896-897 
Fidelity,  701-702 

Field-effect  transistors,  460-507.  See  also 
Junction  field-effect  transistors  (JFETs); 
Metal  oxide  semiconductor  field-effect 
transistors 
Figures  of  merit 
for  amplifiers,  298 
for  operational  amplifiers,  633-635 
for  parallel  LC  circuits,  729-732 
for  tuned  amplifiers,  696 
for  varactor  diodes,  178 
Filter  capacitors 

in  dual-polarity  power  supplies,  905 
faults  in,  120-121 
Filters,  74,  91,  100-109 
active.  See  Active  filters 
capacitor,  101-103 
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Filters,  continued 
and  diode  PIV,  109 
faults  in,  120,  121 
inductive,  109 
output  voltages  of,  105-106 
in  rectifier  analysis,  107-108 
surge  current  in,  103-105 
in  switching  regulators,  908 
Fine  tuning  circuits,  178-180 
Fixed  bias.  See  Base  bias 
Fixed-negative  IC  voltage  regulators,  904 
Fixed-positive  IC  voltage  regulators,  904 
Flat-flat  filters,  700-701 
Flat  response,  700-701 
Flip-flops,  814 
Flywheel  effect,  737 
Forced  commutation 

for  silicon-controlled  rectifiers,  846 
for  silicon  unilateral  switches,  843 
for  triacs,  859 
Forward  bias,  12-13 
for  BJTs,  206,  207,  208,  225,  227 
for  diodes,  20-21,  24 
Forward  blocking  region 
for  silicon-controlled  rectifiers,  846 
for  silicon  unilateral  switches,  842 
Forward  breakover  current,  843 
Forward  breakover  voltage,  840 
Forward  characteristics  of  diodes,  23,  25,  35 
Forward  current  gain,  204,  212-215 
Forward  current  ratings,  32,  39,  42,  86 
Forward  operating  region,  23,  35 
for  diacs,  857 

for  silicon-controlled  rectifiers,  846 
for  silicon  unilateral  switches,  841-842 
Forward  power  dissipation  ratings,  32-34 
Forward  surge  current  rating 
for  silicon-controlled  rectifiers,  846-847 
for  transient  suppressors,  182 
Forward  transconductance  ratings,  505-506 
Forward  transfer  admittance,  505-506 
Forward  voltage,  13 
of  diodes,  25-29, 43 
of  light-emitting  diodes,  54 
Four-layer  diodes 
cutting  off,  841-843 
operation  of,  840-841 
specifications  for,  843-844 
Free-running  multivibrators,  812 
555  timers  as,  821-824 
troubleshooting,  824 
Frequency 

of  astable  multivibrators,  822-823 
of  crystals,  770-772 
of  differentiators,  670-672 
in  integrators,  669-670 
of  light,  871 

of  operational  amplifiers,  615-616,  617, 
632-635 

in  oscillator  stability,  757 
and  reactance,  727-728 
in  Wien-bridge  oscillators,  758-761 
Frequency  multipliers,  738 
Frequency  response,  550-586.  See  also 
Active  filters 


and  bandwidth,  550-554 
of  BJT  amplifiers,  558-575 
Bode  plots  for,  557-558 
capacitance  in,  568-570,  583-584 
Chebyshev,  700-701 
and  decibel  power  gain,  555-557 
gain  roll-off  rate  in,  557-558,  562-565, 
574-575, 695-697 
high-frequency,  568-575,  579-582 
of  JFETs,  576-582 
low-frequency,  558-562,  576-579 
measurement  units  for,  557-558 
of  multistage  amplifiers,  584—586 
of  operational  amplifiers,  632-633 
practical  considerations  in,  567-568, 

575, 584 

of  single-pole  low-pass  filters,  702-704 
of  tuned  amplifiers,  726-732 
of  two-pole  low-pass  filters,  704-706 
Frequency-response  curves,  550,  555,  558, 
694 

Full-cycle  average  forward  voltage  drop 
ratings,  43 

Full-cycle  average  reverse  current  ratings,  43 
Full-load  current  gain,  345-346 
Full-load  input  impedance,  345 
Full  loads  with  zener  voltage  regulators, 
114-115 

Full-wave  bridge  rectifiers,  92-96 
vs.  full-wave  rectifiers,  94-95 
load  voltage  and  current  calculations  for, 
93-96 

operation  of,  93 
peak  inverse  voltage  in,  95 
Full- wave  rectifiers,  87-91 
faults  in,  1 19 

vs.  full-wave  bridge  rectifiers,  94-95 
load  voltage  and  current  calculations  for, 
88-90 
negative,  91 
operation  of,  88 
ripple  voltage  from,  106-107 
Full- wave  voltage  doublers,  152 
Fundamental  frequency  of  crystals,  772 
Fuses 

in  power  supplies,  118-123 
for  silicon  unilateral  switches,  841 

Gain,  284-286,  290,  1035 
of  active  filters,  708-709,  710 
of  audio  amplifiers,  683 
of  BJTs,  212-215 
of  class  B  amplifiers,  427-428 
in  Colpitts  oscillators,  765 
in  common-base  amplifiers,  295 
in  common-collector  amplifiers,  294, 
370-372,  374 

in  common-drain  amplifiers,  493-494 
in  common-emitter  amplifiers,  294,  318, 
329-334,  335,  337-338,  339-340, 
341-344 

in  common-gate  amplifiers,  497 
in  common-source  amplifiers,  487-489 
in  Darlington  amplifiers,  383-386 
in  decibels,  305 


equation  for,  946-947 
with  feedback,  638-641,  956 
and  frequency  response.  See  Frequency 
response 

/(-parameters  for,  345-351,  933-937 
in  instrumentation  amplifiers,  681-682 
in  inverting  amplifiers,  623-624 
of  multiple-feedback  band-pass 
filters,  718 

in  multistage  amplifiers,  338-340, 
556-557 

of  noninverting  amplifiers,  626 
of  operational  amplifiers,  602,  623-624, 
626,  628-629,  637,  639-643 
as  ratio,  285-287 

of  single-pole  low-pass  filters,  702-704 
of  voltage  followers,  628-629 
Gain-bandwidth  product 
of  BJTs,  569 

of  operational  amplifiers,  633-635 
Gain  roll-off  rate,  557 
vs.  bandwidth,  695 
equation  for,  953-954 
high-frequency,  574-575 
low-frequency,  562-565 
Gain-stabilized  amplifier.  See  Swamping 
amplifiers 
Gallium,  7 

Gate  bias,  470-472, 491-493 
in  E-MOSFETs,  531 
Gate  current,  465,  504-505 
Gated  latches  in  switch  drivers,  908 
Gate-drain  current,  463 
Gate  impedance,  464 
Gate  nontrigger  voltage  ratings,  849 
Gate  reverse  current  ratings,  504-505 
Gates 

in  JFETs,  460-461 
in  silicon-controlled  rectifiers,  845 
in  triacs,  857-858 
Gate-source  voltage 
in  common-source  amplifiers,  483-484 
in  JFETs,  462-464,  504-505 
Gate  trigger  voltages,  853 
Gate  voltage.  483-484 
General  amplifier  model,  284-285 
General-class  output  equations,  675-676 
General  voltage  amplifier  model,  287 
Geometric  averages 
for  center  frequencies,  552,  697-698 
Geometric  progression  in  frequency 
response,  557 
Germanium,  3 
forward  voltage  for,  13 
limitations  of,  74 
vs.  silicon,  14 
Glossary,  961-971 
Graphic  equalizers,  722-723 
Ground  connections 
in  class  AB  amplifiers,  440,  441 
in  common-base  amplifiers,  295 
in  common-collector  amplifiers,  294 
in  common-emitter  amplifiers,  293,  325 
for  integrators,  668 
for  inverting  amplifiers,  621 
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H21A  series  optointerrupters,  882 
Half-power  points,  550,  551 
Half-wave  rectifiers,  78-87 
diode  substitution  in,  86 
faults  in,  119 
vs.  full- wave,  91-92 
load  voltage  and  current  calculations  for, 
81-86 

negative,  79-80,  85-86 
operation  of,  78-79 
ripple  voltage  from,  105-106 
Half-wave  voltage  doublers,  151-152 
Hard  cutoff,  425 
Harmonics 

in  class  C  amplifiers,  738 
of  crystals,  772 
Hartley  oscillators,  766-767 
Heat,  5,  6.  See  also  Temperature  effects 
Heat-sink  compound,  448-449 
Heat  sinks 

in  class  AB  amplifiers,  437 
in  power  amplifiers,  448-449 
for  rectifiers,  97 
High-current  transistors,  228 
High  frequencies 

cascode  amplifiers  for,  538-539 
common-base  amplifiers  for,  389-390 
diode  capacitance  in,  37-38 
PIN  diodes  for,  192-194 
tunnel  diodes  for,  188-191 
High-frequency  response 
of  BJT  amplifiers,  568-575 
capacitance  in,  568-575 
gain  roll-off  rate  in,  574-575 
of  JFETs,  579-582 
operation  of,  572-574 
practical  considerations  in,  575,  584 
High-pass  filters,  699,  707-708 
fault  symptoms  of,  724-725 
in  notch  filters,  718-721 
High-power  transistors,  230 
High-voltage  transistors,  230 
Holding  current 
for  diacs,  857 

for  silicon-controlled  rectifiers,  846 
for  silicon  unilateral  switches,  841-843 
for  triacs,  858 
Holes,  5 

as  minority  carriers,  7 
valence  band,  522 
Hot-carrier  diodes,  191-192 
Hybrid  equivalent  circuits,  932-933 
Hybrid  ( h -)  parameters,  345-351,  932-942 
approximations  of,  939-941 
in  calculations,  347-348 
for  common-base  circuits,  941 
for  common-collector  circuits,  942 
for  common-emitter  circuits,  345-351,  941 
for  current  gain,  347,  933-935 
electrical  characteristics  for,  348 
for  hybrid  equivalent  circuits,  932-933 
for  input  impedance,  345,  937-938 
for  output  admittance,  346 
for  output  impedance,  938-939 
for  reverse  voltage  feedback  ratio,  346-347 


specification  sheets  for,  348 
for  voltage  gain,  935-937 
Hysteresis,  805 

IC  switching  regulators,  913-914 
IC  voltage  regulators,  901-906 
characteristics  of,  901 
in  dual-polarity  power  supply,  904-905 
output  voltage  adjustment  for,  903-904 
specifications  for,  902-903 
Ideal  diode  models,  23-25,  48,  79 
Ideal  voltage  amplifiers,  291-292 
Identification 
of  diodes,  42 

of  operational  amplifiers,  600 
IGFETs  (insulated-gate  FETs).  See 
MOSFETs 

Impedance,  284,  287-292 
and  admittance,  505-506 
of  audio  amplifiers,  683 
of  class  B  amplifiers,  427 
of  common-base  amplifiers,  295,  387-389 
of  common-collector  amplifiers,  294, 
372-374 

of  common-drain  amplifiers,  493-496 
of  common-emitter  amplifiers,  293-294, 
336-337 

of  common-gate  amplifiers,  497-499 
of  common-source  amplifiers,  491-493 
of  constant-current  diodes,  186 
of  Darlington  amplifiers,  383-386 
of  depletion-type  MOSFETs,  526 
equations  for,  947-949 
in  feedback  networks,  642-643 
/i-parameters  for,  345,  937-939 
of  inverting  amplifiers,  622-623 
in  JFETs,  464 
minimum  knee,  186 
negative  feedback  effects  on,  642-643 
of  noninverting  amplifiers,  626 
in  swamped  common-emitter  amplifiers, 
340-344 

in  transformers,  415 
of  voltage  followers,  628-630 
zener,  47-48 
of  zener  diodes,  47-48 
Impedance  matching 
by  common-base  amplifiers,  389-390 
by  common-collector  amplifiers,  375-377 
by  common-drain  amplifiers,  494 
by  common-gate  amplifiers,  497 
Index,  here 

Indicators,  light-emitting  diodes  as,  155 
Indium,  7 

Inductance  with  quartz  crystals,  771 
Inductive  power  supply  filters,  109 
Inductors.  See  also  LC  circuits 
in  Colpitts  oscillators,  761 
in  Hartley  oscillators,  766 
miniaturization  of,  240 
in  switching  regulators,  908 
testing,  774 
tolerances  for,  733 
winding  resistance  of,  178 
Industrial  electronics,  851 


Input  admittance,  505 
Input  bias  current,  613 
Input  capacitance 

in  high-frequency  response,  572-574 
of  JFETs,  506,  579-584 
Miller,  570-571 

Input  circuits  in  transistor  hybrid  equivalent 
circuits,  932 

Input  impedance,  284,  287-288,  290-291 
of  class  B  amplifiers,  427 
of  common-base  amplifiers,  295, 
387-389 

of  common-collector  amplifiers,  294, 
372-373 

of  common-drain  amplifiers,  493-496 
of  common-emitter  amplifiers,  293-299, 
336,  337 

of  common-gate  amplifiers,  497-499 
of  common-source  amplifiers,  491-493 
of  Darlington  amplifiers,  383-385 
of  depletion-type  MOSFETs,  526 
equation  for,  940-946 
/i-parameters  for,  345,  937-938 
of  inverting  amplifiers,  622 
in  JFETs,  464 

negative  feedback  effects  on,  642-643 
of  noninverting  amplifiers,  626 
in  swamped  amplifiers,  342-343 
of  voltage  followers,  628-630 
Input  offset  current,  612 
Input  offset  voltage,  611-612 
Input/output  phase  relationships 

in  common-base  amplifiers,  387,  389 
in  common-drain  amplifiers,  493 
in  common-emitter  amplifiers,  318-320 
Input/output  polarity,  602-604 
Input/output  resistance,  616 
Input/output  signals  in  troubleshooting, 
351-352 

Input/output  voltage  differential  ratings, 
902-903 
Inputs 

for  differential  amplifiers,  609 
for  operational  amplifiers,  599,  602-604 
Input  voltage 

line  regulation  for,  891-892 
for  operational  amplifiers,  618 
Instability,  voltage  gain,  333,  340-342 
Instrumentation  amplifiers,  681-682 
Insulated-gate  FETs  (IGFETs).  See 
MOSFETs 

Insulating  layer  in  MOSFETs,  520-521 
Insulators,  2,  4,  449 
Integrated  circuits  (ICs),  598 
MOSFETs  in,  520 
for  rectifiers,  99-100 
sockets  for,  63 1 
switching  regulators,  913-914 
voltage  regulators,  901-906 
Integrated  rectifiers,  99-100 
Integrated  transistors,  227-228 
Integrators,  665-670 
operation  of,  667-670 
troubleshooting,  670-671 
Intensity  of  light,  873 
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Interbase  resistance,  866 
Interference.  See  Noise 
Intermittent  one-shot  operation,  819 
Internal  capacitance 
in  BJT  amplifiers,  568-570 
in  JFETs,  583-584 
of  operational  amplifiers,  635 
Intrinsic  silicon,  5,  192 
Intrinsic  standoff  ratio,  866 
Invalid  flip-flop  states,  814 
Inverse  logs,  303-304 
Inverters,  536,  802-803 
Inverting  amplifiers,  621-625 
analysis  of,  623-624 
common-mode  rejection  ratio  in,  623 
input  impedance  of,  622 
operation  of,  623-624 
output  impedance  of,  623 
Inverting  inputs 

in  differential  amplifiers,  609 
in  operational  amplifiers,  599,  602-604 
Inverting  Schmitt  triggers,  809-8 1 1 
Irradiance,  873 

Irradiated  voltage-current  characteristic 
curves,  875 

Isolation  capacitance,  880 
Isolation  current,  880 

Isolation  ratings  for  optoisolators,  879-880 
Isolation  resistance,  880 
Isolation  source  voltage,  880 
Isolation  transformers,  75 

Junction  capacitance,  38, 45,  767 
Junction  field-effect  transistors  (JFETs), 
460-507 

ac  operating  characteristics  of,  482-493 
applications  of,  506-507 
biasing  circuits  for,  470-482 
as  buffers,  506 

in  common-drain  amplifiers,  493-496 
in  common-gate  amplifiers,  497-499 
in  common-source  amplifiers.  See 
Common-source  amplifiers 
construction  of,  460 
controlling,  461-464 
current-source  bias  for,  481 
vs.  depletion-type  MOSFETs,  526-527 
development  of,  460 
faults  in,  499-500 
frequency  response  of,  576-583 
gate  bias  for,  470-472 
off  characteristics  of,  504-505 
operation  of,  461-464 
in  oscillators,  768-769 
in  RF  amplifiers,  506-507 
self-bias  for,  472-476 
small-signal  characteristics  of,  505-506 
specification  sheets  for,  503-506 
as  switches,  787-789 
switching  times  for,  801 
transconductance  of,  484-486,  505-506 
troubleshooting,  500-503 
voltage-divider  bias  for,  476^180, 

49 1  — 492 

Junctions,  pn,  9-1 1 


k  constant,  528-531 
Kirchhoffs  voltage  law,  26 
Knee  current,  47 
Knee  impedance,  minimum,  1 86 
Knee  voltage 

and  diffusion  current,  38 
of  diodes,  25 
of  PIN  diodes,  194 

Large-signal  voltage  gain,  618 
Latches  in  switch  drivers,  908 
Lateral  double-diffused  MOSFETs,  535 
LC  circuits,  727-728 
ac  circuit  conditions  in,  728-729 
in  class  C  amplifiers,  735-738 
practical  considerations  in,  733-734 
Q  of,  729-732 
in  switching  regulators,  908 
troubleshooting,  734 
for  tuned  amplifiers,  727-728 
tuning,  733 

with  tunnel  diodes,  189-190 
with  varactor  diodes,  178 
LC  oscillators 
Armstrong,  768 
Clapp,  767-768 
Colpitts,  761-766 
Hartley,  766-767 
LDMOS  MOSFETs,  535 
Leakage  current  ratings  for  varactor  diodes, 
175-176 

Leaky  capacitors,  121 

Leaky  transistors,  261 

LEDs.  See  Light-emitting  diodes  (LEDs) 

Level  detectors,  659 

Level  indicators,  155 

Lifetime  of  electron-hole  pairs,  5 

Light,  4,  971-973 

Light-activated  SCRs  (LASCRs),  878 
Light  current  in  photodiodes,  873 
Light  detectors.  See  Photodetectors 
Light  emitters,  87 1 

Light-emitting  diodes  (LEDs),  54-57, 
155-156 

characteristics  of,  54-55 
current-limiting  resistors  for,  55-56 
drivers  for,  791 

for  liquid-crystal  displays,  157 
multicolor,  56-57 

for  multisegment  displays,  156-157 
in  optoisolators,  879-881 
in  photodiodes,  873 
in  phototransistors,  877 
schematic  symbol  for,  54 
testing,  59 

Limiters.  See  Clippers 
Limiting  voltage  ratings,  186 
Linear  ICs.  See  Operational  amplifiers 
Linear  IC  voltage  regulators,  901-906 
characteristics  of,  906 
in  dual-polarity  power  supply,  904-905 
output  voltage  adjustment  for,  903-904 
specifications  for,  902-903 
Linear  power  supplies,  74 
Linear  regulators,  907 


Line  regulation,  891-892 
for  linear  IC  voltage  regulators,  903 
practical  considerations  in,  892 
for  rectifiers,  97 

Liquid-crystal  displays  (LCDs),  157 
LM317  voltage  regulators 

output  voltage  adjustment  for,  903-904 
specifications  for,  903-904 
Load  current 

in  linear  IC  voltage  regulators,  905 
in  zener  voltage  regulators,  1 12 
Loaded-<2,  731-732,  957-959 
Loading 

with  class  AB  amplifiers,  441 
with  common-emitter  amplifiers,  335 
with  switching  regulators,  909 
Load  lines.  See  AC  load  lines;  DC  load  lines 
Load  power 

for  class  A  amplifiers,  41 1-413 
for  class  AB  amplifiers,  438-439 
for  class  B  amplifiers,  428-431 
for  transformer-coupled  amplifiers, 
418-419 

Load  regulation,  892-893 
for  IC  voltage  regulators,  903 
practical  considerations  in,  893-894 
in  zener  voltage  regulators,  1 14 
Load  voltage  calculations 
for  full-wave  bridge  rectifiers,  93-94 
for  full-wave  rectifiers,  88-90 
for  half-wave  rectifiers,  81-86 
Logarithmic  scales 
for  decibels,  303 

for  frequency-response  curves,  555 
Logic  families,  536 
Logic  levels,  535 
Loop  oscillations,  758 
Loops,  107 

Lower  cutoff  frequency,  550-55 1 
Lower  trigger  point  (LTP)  in  Schmitt  triggers, 
805-806 

Low-frequency  response 
of  BJT  amplifiers,  558-562 
equation  for,  953-954 
gain  roll-off  rate  in,  562-565 
of  JFETs,  576-579 
practical  considerations  in,  567-568 
Low-pass  filters,  702-707 
fault  symptoms  of,  724-725 
in  notch  filters,  718-721 
single-pole,  702-704 
three-pole,  706-707 
two-pole,  704-706 
Low-power  amplifiers,  299,  683 

Main  terminals  for  triacs,  857-858 
Majority  carriers,  7 
Matched  transistors,  424 
Mathematical  analysis  methods 
for  feedback,  638-641 
for  operational  amplifiers,  623-624, 
626-628 

Maximally  flat  filters,  700-701 
Maximum  current  ratings,  215-216 
Maximum  dc  forward  current  ratings,  86 
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Maximum  dc  zener  current  ratings,  52 
Maximum  forward  surge  current  ratings,  846 
Maximum  limiting  voltage  ratings,  186 
Maximum  load  power 
of  class  AB  amplifiers,  446-448 
of  class  B  amplifiers,  428-431 
of  transformer-coupled  amplifiers,  418-419 
Maximum  operating  frequency  ratings, 
955-956 

Maximum  power  ratings,  446-448 
Maximum  ratings 
for  BJTs,  221 
for  diodes,  42-43,  51 
for  JFETs,  503-504 
for  transient  suppressors,  182-184 
for  varactor  diodes,  175-177 
for  zener  diodes,  47 

Maximum  reverse  leakage  current  ratings, 
43,45 

Maximum  reverse  stand-off  voltage  ratings, 
182 

Maximum  reverse  voltage  ratings,  182 
Maximum  zener  current,  47 
Maximum  zener  impedance  ratings,  47 
MC34063  switching  regulator,  913-914 
Metal  can  packages,  601 
Metal  oxide  semiconductor  field-effect 
transistors.  See  MOSFETs 
Meters 

for  testing  diodes,  57-59 
Mhos,  346 

Microcomputers,  784 

Micromhos,  484 

Microprocessors,  784 

Microsiemens,  484 

Microwave  frequencies,  188 

Midband  gain  values,  550 

Midpoint  biased  circuits,  244-245 

Miller’s  theorem,  570-571 

Miniaturization  of  components,  240 

Minicomputers,  development  of,  784 

Minimum  dynamic  impedance  ratings,  186 

Minimum  knee  impedance,  186 

Minimum  load  current  ratings,  903 

Minority  carriers,  7 

Models 

for  amplifiers,  284-285,  287-292 
for  diodes,  21-39 
for  zener  diodes,  48 
Modulators 

PIN  diodes  for,  194 
variable  off-time,  911 
Monostable  multivibrators,  812 
555  timers  as,  815-821 
troubleshooting,  818-821 
MOSFETs,  460,  520-541 
in  cascode  amplifiers,  538-539 
CMOS,  535-537 
construction  of,  520-521 
depletion-type,  522-527 
in  digital  communications,  540 
dual-gate,  532-533 
enhancement-type,  528-532 
handling,  521-522 
power,  534-535,  540-541 


in  RF  amplifiers,  539-540 
specification  sheets  for,  529 
as  switches,  789-791 
Motor  control,  881 
Mounting  capacitance  with  quartz 
crystals,  771 

MRD500  and  MRD510  photodiodes, 
874-875 

Multicolor  light-emitting  diodes,  56-57 
Multimeters,  digital  (DMMs),  57,  58 
Multiple-feedback  band-pass  filters, 
712-714 

frequency  analysis  for,  714-718 
gain  of,  718 

Multiple-feedback  notch  filters,  720-721 
Multipliers 
frequency,  738 
voltage,  150-155 
Multisegment  displays,  156-157 
Multistage  amplifiers,  338-340 
frequency  response  of,  584-586 
gain  in,  338-340,  556-557 
Multistage  notch  filters,  720-721 
Multivibrators,  812-824 
astable,  821-824 
555  timers,  812-824 
monostable,  815-821 
troubleshooting,  818-821,  824 
MV209  series  varactor  diodes,  176 

iV-channel  JFETs,  460-461 
N-channel  MOSFETs,  520-521,  527-528 
Negative-biased  clippers,  141 
Negative  charge,  3 
Negative  clampers,  148 
Negative  clippers,  141-142 
Negative  feedback 
and  impedance,  642-643 
mathematical  analysis  of,  638-641 
for  operational  amplifiers,  636-643 
in  Wien-bridge  oscillators,  760-761 
Negative  full- wave  rectifiers,  91 
Negative  half-wave  rectifiers,  79-80,  85-86 
Negative  resistance 
with  tunnel  diodes,  189 
with  unijunction  transistors,  867 
Negative  resistance  oscillators,  189-191 
Net  charge,  3 
Neutrons,  3 
Noise 

active  filters  for,  723-724 
common-mode  differential  amplifier 
operation  for,  613-614 
in  instrumentation  amplifiers,  681 
in  JFETs,  506-507 

in  silicon-controlled  rectifier  triggering, 
850-851 

in  switching  regulators,  913 
in  triac  triggering,  859 
Nominal  zener  voltages,  52-53 
Noninverting  amplifiers,  625-630 
analysis  of,  626-628 
impedance  of,  626 
operation  of,  625-626 
voltage  followers,  628-630 


Noninverting  inputs 

in  differential  amplifiers,  609-610 
in  operational  amplifiers,  599,  602-604 
Noninverting  Schmitt  triggers,  806-809 
Nonlinear  distortion 

in  common-emitter  amplifiers,  352-353 
from  cutoff  clipping,  409-410 
Nonlinearity  in  class  B  amplifiers,  424 
Nonrepetitive  surge  current  ratings,  849 
Normalized  value,  175 
Norton’s  theorem,  932-933 
Notch  filters,  699,718-721 
Npn  transistors,  202,  225-226 
A- type  materials 
doping  for,  6-7 
forward  biasing,  12-13 
in  JFETs,  460 
reverse  biasing,  13-14 
Nuclei  of  atoms,  3 

Observation  analysis  methods,  604 
Octave  scales 
in  frequency  response,  557 
in  gain  roll-off  plots,  564-565 
Off  characteristics  of  BJTs,  224 
of  JFETs,  504-505 
Offset  current,  612 
Offset  null  pins,  599,  612 
Offset  resistors,  612 
Offset  voltages,  61 1-612 
Ohmic  region,  463 
Ohmmeters  for  testing 
BJTs,  225-226 
capacitors,  120 
diodes,  57 
Ohm’s  law,  26 
On  characteristics,  224 
One-pole  filters,  702-704 
One-shot  multivibrators,  812 
555  timers  as,  815-821 
troubleshooting,  818-821 
One-way  conductors.  See  Diodes 
Op-amps.  See  Operational  amplifiers 
Opaque  cases,  873 
Open  filter  capacitors,  120-121 
Open  JFETs,  499-500 
Open-loop  voltage  gain 
with  feedback  networks,  639 
in  inverting  amplifiers,  622 
of  operational  amplifiers,  602 
Open  resistors 

in  voltage-divider  bias  circuits,  259-262 
Open  switches,  diodes  as,  22 
Open  transformer  windings,  1 19 
Open  zener  diodes,  121 
Operating  characteristics.  See  Specifications 
Operating  curves 
for  diacs,  857 

for  silicon-controlled  rectifiers,  846 
for  triacs,  858 
Operating  regions 
for  BJTs,  206 
for  diacs,  857 
forward,  23,  35 
reverse,  23,  35 
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Operating  regions,  continued 

for  silicon-controlled  rectifiers,  846 
for  silicon  unilateral  switches,  843 
Operating  temperature  ratings,  42,  45 
Operating  voltage  ratings,  186 
Operational  amplifiers,  644-645 
for  audio  amplifiers,  683 
common-mode  rejection  ratio  for, 
613-614,  623 
for  comparators,  658-665 
differential  amplifiers  in,  601,  609-61 1 
for  differentiators,  670-672 
feedback  paths  in,  602,  630-631,  633, 
636-643 

frequency  response  of,  632-633 
gain-bandwidth  product  of,  633-635 
gain  of,  602,  618,  632-635 
identifying,  600 
input  bias  current  for,  613 
input  offset  current  for,  612 
input/output  polarity  of,  602-604 
input/output  resistance  of,  616 
input  voltage  range  of,  618 
for  instrumentation  amplifiers,  681-682 
for  integrators,  666-670 
internal  capacitance  of,  635 
for  inverting  amplifiers,  621-625,  637-638 
large-signal  voltage  gain  of,  618 
maximum  operating  frequency  of,  955-956 
negative  feedback  for,  636-643 
for  noninverting  amplifiers,  625-630,  638 
output  offset  voltage  for,  611-612 
output  short-circuit  current  for,  614 
packages  for,  601 
performance  curves  of,  617 
power  consumption  rating  of,  618 
power  supply  rejection  ratio  for,  614 
for  precision  rectifiers,  684-685 
slew  rate  for,  615-616 
sockets  for,  631 
specification  sheets  for,  619 
for  summing,  672-680 
supply  current  rating  of,  618 
supply  voltages  for,  599,  604-605 
troubleshooting,  630-632 
for  tuned  amplifiers,  699 
unity-gain  frequency  of,  633 
for  voltage-controlled  current  sources, 
683-684 

Optical  switches,  881-882 
Optocoupling,  877 

Optoelectronic  devices,  871-882.  See  also 
Light-emitting  diodes  (LEDs); 
Photodetectors 
Optointerrupters,  881-882 
Optoisolators,  879-881 
Orbital  shells  in  atoms,  3,  4 
Oscillators,  189,  752-774 
Armstrong,  768 

Barkhausen  criterion  for,  754-755 
Clapp,  767-768 
Colpitts,  761-766 
crystal-controlled,  770-773 
Hartley,  766-767 
JFETs  in,  768-769 


operation  of,  752-755 
phase-shift,  756-758 
relaxation,  867-868 
sine-wave,  752 
square-wave,  752 
in  switch  drivers,  908-909 
troubleshooting,  773 
tunnel  diode,  189-191 
voltage-controlled,  824 
Wien-bridge,  758-761,  762 
Oscilloscopes 

for  cutoff  frequencies,  554-555 
and  phase  shift,  353 
for  ripple  voltage,  107 
Output  admittance 

of  common-gate  amplifiers,  497-498 
/(-parameters  for,  346 
of  JFETs,  505-506 
Output  capacitance 
in  JFET  circuits,  506,  579-582 
Miller,  570-571 

Output  circuits  in  transistor  hybrid  equivalent 
circuits,  932-933 

Output  conductance  of  JFETs,  505 
Output  impedance,  289-292 
of  class  B  amplifiers,  427 
of  common-base  amplifiers,  295, 383-386 
of  common-collector  amplifiers,  244, 
373-374 

of  common-drain  amplifiers,  494-495 
of  common-emitter  amplifiers,  293 
of  Darlington  amplifiers,  383-385 
equation  for,  947-948 
/(-parameters  for,  938-939 
of  inverting  amplifiers,  623 
negative  feedback  effects  on,  642-643 
of  noninverting  amplifiers,  626 
of  voltage  followers,  628-629 
Output  offset  voltages,  611-612 
Output  power,  411-413 
Output  resistance,  616 
Output  short-circuit  current,  614 
Output  voltage 
of  amplifiers,  285-286 
of  IC  voltage  regulators,  902-903 
in  operational  amplifiers,  605 
of  power  supply  filters,  105-106 
slew  rate  for  changes  in,  615-616 
from  switching  regulators,  909-910 
Overtone  mode,  772 
Overvoltage  protection,  851-852,  900 
Oxide  layer,  631 

Packages,  601 
Packing  densities,  537 
Parallel  circuits,  resistance  values  in,  931 
Parallel  equivalent  resistance,  equation  for, 
957-958 

Parallel  LC  circuits,  727-728 
ac  circuit  conditions  in,  728-729 
in  class  C  amplifiers,  735-738 
Q  of,  729-732 

with  varactor  diodes,  178-180 
Parallel  resonant  circuits,  quartz  crystals  as, 
771-772 


Parameters,  30.  See  also  Hybrid  (h-) 
parameters;  Specifications 
Pass  bands,  694—695 
Pass-transistor  regulators,  895-905 
p-channel  JFETs,  460-461 
Peak  blocking  current  ratings,  847 
Peak  current 

for  full-wave  bridge  rectifiers,  94 
for  half-wave  rectifiers,  82-83 
for  unijunction  transistors,  865,  867 
Peak  inverse  voltage  (PIV)  rating  for  diodes 
filter  effects  on,  109 
in  full-wave  bridge  rectifiers,  95 
in  full-wave  rectifiers,  90-91 
in  half-wave  rectifiers,  87 
Peak  load  voltage  calculations 
for  bridge  rectifier,  95 
for  full-wave  bridge  rectifiers,  93,  95 
for  full-wave  rectifiers,  88-90 
for  half-wave  rectifiers,  82-83 
Peak  operating  voltage  (POV)  ratings,  186 
Peak  power  dissipation  ratings,  183 
Peak  repetitive  off-state  blocking  voltages 
ratings,  847 

Peak  repetitive  reverse  voltage,  40,  42 
Peak  reverse  voltage  ratings,  30-31,  42,  48 
Peak  surge  current  ratings,  42 
Peak-to-peak  voltages 
ac  load  power  from,  41 1-413 
with  clampers,  145 
compliance  values  for,  406-407 
in  operational  amplifiers,  605-608 
in  power-handling  calculations,  446-448 
in  transformer-coupled  amplifiers, 
418-419 
Peak  voltages 
for  filter  capacitor,  105 
for  tunnel  diodes,  1 88 
for  unijunction  transistors,  865-867 
Pentavalent  doping,  6 
Percentage  of  error,  27-28,  717 
Performance  curves,  617 
Phase  controllers 

silicon-controlled  rectifiers  for,  852-854 
triacs  for,  862-863 
Phase  relationships 
in  common-base  amplifiers,  387-389 
in  common-drain  amplifiers,  493-494 
in  common-emitter  amplifiers,  318-320 
Phase  shift 

external  oscilloscope  triggers  for,  353 
for  oscillators,  752 
Phase-shift  oscillators,  756-758 
Phase  splitters,  421 
Phosphorus,  7 

Photo-Darlington  phototransistors,  877 
Photodetectors,  871-876 
light-activated  SCRs,  878 
and  light  characteristics,  871-873 
photo-Darlington  transistors,  877 
photodiodes,  873-876 
phototransistors,  876-878 
Photodiodes,  873-876 
Photo-SCRs,  878 
Phototransistors,  876-878 
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Pierce  oscillators,  773 
Piezoelectric  effect,  770 
Pinch-off  voltage,  463 
PIN  diodes,  192-194 
Plates  in  capacitors,  174 
pn  junctions,  9-11,  149 
forward  biasing,  12-13 
reverse  biasing,  13-14 
testing,  57-59 
Pnpri  diodes 

cutting  off,  841-843 
operation  of,  840-841 
specifications  for,  843-844 
Pnp  transistors,  202,  225-226 
Point-contact  transistors,  202 
Polarity  of  operational  amplifiers,  602-604 
Poles  in  active  filters,  699-700 
Positive-biased  clippers,  141 
Positive  clampers,  145-148,  158-159 
Positive  clippers,  136-137,  157-158 
Positive  feedback 

for  operational  amplifiers,  636-637 
for  oscillators,  753,  759 
in  Wien-bridge  oscillators,  759 
Potentiometers,  759 
Power 

for  class  AB  amplifiers,  446-448 
dBm  reference  for,  305 
Power  amplifiers,  404-449 
and  ac  load  lines,  404-410 
class  A,  410-419 
class  AB,  443-448 
class  B,  421-432 
component  cooling  in,  448-449 
maximum  power  ratings  of,  446-448 
RC-coupled,  410-414 
transformer-coupled,  414-419 
Power  consumption  ratings,  618 
Power  derating  factor,  49 
Power  dissipation 
of  BJTs,  221-224 
in  class  B  amplifiers,  951-952 
of  diodes,  32-34 

of  transient  suppressors,  183-184 
of  zener  diodes,  49 
Power  gain,  285,  303-308 
of  class  B  amplifiers,  428 
of  common-collector  amplifiers,  372 
of  common-emitter  amplifiers,  294, 

318,  334 

in  decibels,  303-308,  555-557 
and  frequency  response,  557-558 
midband,  550 

Power  indicators,  LED,  155 
Power  MOSFETs 
in  digital  communications,  540 
LDMOS,  535 
VMOS,  534-535,  541 

Power  ratings  of  power  amplifiers,  446-448 
Power  rectifiers,  99 
Power  supplies,  74-75 
complete,  116-117 
crowbar  circuits  for,  925 
dual-polarity,  155,  263,  904—905 
filters  in,  100-109,  120-121 


full-wave  bridge  rectifiers  in,  92-95 
full- wave  rectifiers  in,  87-91 
fuses  in,  118-123 
half-wave  rectifiers  in,  78-87 
oscillations  in,  758 
rectifier  considerations  in,  97-100 
rectifier  faults  in,  119-120 
regulated,  377,  758.  See  also  Voltage 
regulation 

transformers  in,  75-77,  97-98,  119 
troubleshooting,  118-123 
voltage  regulators  in,  110-116 
zener  regulator  faults  in,  121 
Power  supply  rejection  ratio,  614 
Power  switches,  908 
Practical  diode  models,  22,  25-29,  48 
Precision,  percentage  of  error  in,  27-29,  717 
Precision  rectifiers,  684-685 
Precision  resistor  values,  928 
Prefixes  for  operational  amplifiers,  600 
Primary  fuses,  118,  121 
Primary  transformer  windings,  75, 415 
Programmable  unijunction  transistors 
(PUTs),  869-870 
Propagation  delays 

in  BJT  switching,  794-798 
in  Schottky  diodes,  192 
in  Wien-bridge  oscillators,  758-761 
Protons,  2 
p-  type  materials 
doping  for,  7-8 
forward  biasing,  12-13 
in  JFETs,  460 
reverse  biasing,  13-14 
Pulsating  dc,  74 

Pulse- width  modulation  (PWM),  910-91 1 
Pulse  width  (PW),  792 
of  astable  multivibrator,  822-823 
and  integrators,  666-667 
of  one-shot  multivibrators,  817-818 
Push-pull  amplifiers,  421-431 

Q  (quality)  of  tuned  amplifiers,  729-732 
equations  for,  957-959 
loaded,  731-732 

in  multiple-feedback  band-pass  filters,  715 
in  parallel  LC  circuits,  729-732 
in  two-stage  band-pass  filters,  712 
for  varactor  diodes,  178 
Q  (quiescent)  points 
on  dc  load  line,  243-245, 404 
with  JFETs,  471,475,478 
shift  in,  248-249 

in  voltage-divider  bias  circuits,  251-252, 
255, 258-259 

Quadruplets,  voltage,  153-154 
Quartz  crystals,  771-772 

Ramp  output,  668 
Rate  of  charge,  667-668 
Ratios 

decibels,  303-305 
gain  as,  285-287 
RC  circuits 

in  active  filters,  699-700 


for  BJT  switching,  799-800 
in  high-pass  filters,  707-708 
for  integrators,  667-668 
for  one-shot  multivibrators,  815-818 
for  phase  controllers,  863 
in  phase-shift  oscillators,  756 
for  silicon-controlled  rectifiers,  85 1 
in  single-pole  low-pass  filters,  702-704 
in  three-pole  low-pass  filters,  706-707 
in  two-pole  low-pass  filters,  704-706 
RC-coupled  amplifiers,  410-414,  949-950 
RC  time  constants,  101-102 
Reactance 

and  frequency,  727-728 
and  susceptance,  505-506 
Reactive  power,  730 
Recombination,  5 

Rectangular  waveforms,  535,  658,  792,  909 
Rectification,  2,  74 
Rectifiers,  74 
bridge,  78,  92-96 
bulk  resistance  of,  97 
faults  in,  119-120 
filter  effects  on,  107-108 
full-wave,  87-92 
full-wave  bridge,  92-95 
half-wave,  78-87 
integrated,  99-100 
power,  99 

reverse  current  of,  97,  99 
silicon-controlled.  See  Silicon-controlled 
rectifiers  (SCRs) 
surge  current  ratings  of,  103-104 
and  transformer  rating  tolerance,  97-98 
Reference  circuits  and  levels 
for  comparators,  661  -662 
in  series  feedback  voltage  regulators, 
896-897 

in  shunt  voltage  regulators,  899 
Reference  terminals  in  PUTs,  869 
Regenerative  feedback,  753 
Regulated  power  supplies,  377,  758.  See  also 
Voltage  regulation 
Regulation  rating,  892 
Regulator  current  ratings,  186 
Regulators 

current,  185-187 
voltage.  See  Voltage  regulation 
Relaxation  oscillators,  867-868 
Relays,  solid-state,  880-881 
Repetitive  off-state  blocking  voltages 
rating,  847 

Repetitive  reverse  voltage  ratings,  42 
Reset  input  for  555  timers,  814-815 
Reset  switches,  841 
Resistance 

with  amplifiers,  288 
approximating,  930-931 
bulk.  12,  34-37,  97 
and  conductance,  505 
of  Darlington  amplifiers,  382-383 
of  diodes,  34-37 
emitter.  See  Emitter  resistance 
isolation,  880 
negative,  188-189,  867 
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Norton,  932 

of  operational  amplifiers,  616 
of  optoisolators,  880 
parallel  equivalent,  957-959 
of  PIN  diodes,  192-193 
of  quartz  crystals,  77 1 
of  rectifiers,  97 
of  tunnel  diodes,  188-189 
of  unijunction  transistors,  867 
Resistive  power,  730 
Resistors.  See  also  RC  circuits 
in  class  AB  amplifiers,  434 
for  clippers,  140-141 
compensating,  612 
for  integrators,  667-670 
for  light-emitting  diodes,  55-56 
miniaturization  of,  240 
in  noninverting  Schmitt  triggers,  806-809 
in  operational  amplifier  circuits,  612, 
630-631 

precision  values,  928 
for  silicon  unilateral  switches,  841-842 
standard  values,  928 
for  surge  current,  103-104 
in  troubleshooting,  259-262 
Resonant  frequency,  729 
of  crystals,  770-772 
of  parallel  LC  circuits,  729 
of  varactor  diode  circuits,  178-180 
Reverse  bias,  13-14 
for  BJTs,  206,  207,  210 
for  diodes,  21 
for  JFETs,  462-464 
for  varactor  diodes,  174-175 
Reverse  blocking  diode  thyristors 
cutting  off,  84 1-843 
operation  of,  840-841 
specifications  for,  843-844 
Reverse  blocking  region 

for  silicon-controlled  rectifiers,  846 
for  silicon  unilateral  switches,  843 
Reverse  breakdown  voltage 
of  light-emitting  diodes,  54 
of  transient  suppressors,  183 
of  varactor  diodes,  176 
of  zener  diodes,  46-47 
Reverse  characteristics  of  diodes,  23-24 
Reverse  current 
of  diodes,  23,  36-37,  43 
of  JFETs,  504-505 
of  rectifiers,  97 
of  transient  suppressors,  184 
of  zener  diodes,  46 

Reverse  leakage  current  ratings  for  varactor 
diodes,  176 

Reverse  operating  regions,  23,  36,  857 
Reverse  saturation  current,  36-37 
Reverse  voltage 
of  BJTs,  216-217 
of  diodes,  23,  30-31,  40 
Reverse  voltage  feedback  ratio,  346-347 
RF  amplifiers 
JFETs  in,  506-507 
MOSFETs  in,  539-540 
Ripple  rejection  ratio,  903 


Ripple  voltage,  101 
in  capacitor  filters,  101-103,  105-107 
in  half-wave  voltage  doublers,  152 
in  zener  voltage  regulators,  114-116 
Ripple  width,  700 
Rise  times,  795-801 
Rochelle  salt  crystals,  77 1 
Roll-off  rate,  562-565,  574-575 
vs.  bandwidth.  695-697 
equation  for,  953-954 
high-frequency,  574—575 
low-frequency,  562-565 
Ross,  I.  M.,  460 

Sample  and  adjust  circuits,  897 
Sample  circuits 

in  series  feedback  voltage  regulators,  897 
in  shunt  voltage  regulators,  899 
Saturation 

of  BJTs,  207-208,  224, 784-785 
in  emitter  bias  circuits,  266 
of  silicon  unilateral  switches,  841 
in  voltage-divider  bias  circuits,  256 
Saturation  clipping  and  compliance,  406-409 
Saturation  current  in  ac  load  lines,  405-406 
Saturation  region 
for  BJTs,  207-208,  218 
in  collector  characteristic  curves,  218 
Scales 

for  decibels,  303-304 
for  frequency-response  curves,  550,  551, 
555 

Schmitt  triggers,  659,  804-811 
inverting,  809-811 
noninverting,  806-809 
Schottky  diodes,  191-192 
Secondary  fuses,  121 
Secondary  transformer  windings,  75, 415 
current  calculations  for,  76-77 
voltage  calculations  for,  76 
Selector  guides 
for  transient  suppressors,  184 
for  zener  diodes,  52-53 
Self-bias 

for  depletion-type  MOSFETs,  526 
for  JFETs,  472-476, 491-493 
Semiconductors,  2 

power  supplies  and  development  of,  74 
Sensitivity  rating  for  photodiodes,  874 
Series,  diodes  in,  28 

Series  circuits,  resistance  values  in,  930-931 
Series  clippers,  136-137 
Series  current-limiting  resistors,  841 
Series  current  regulators,  186-188 
Series  feedback  voltage  regulators,  896-897 
Series  interruption,  841 
Series-parallel  circuits,  931 
Series  resistance,  193 
Series  resonant  circuits,  772 
Series  voltage  regulators,  895-898 
linear  IC,  901 
pass-transistor,  895 
series  feedback,  896-897 
short-circuit  protection  in,  897-898 
Seven-segment  displays,  156-157 


Sharing  valence  electrons,  4 
Shells  in  atoms,  3,  4 
Shockley  diodes 
cutting  off,  841-843 
operation  of,  840-841 
specifications  for,  843-844 
Short-circuit  current,  614 
Short-circuit  protection,  897-898 
Shorted  filter  capacitors,  120-121 
Shorted  gate-drain  current,  463-464 
Shorted  JFETs,  499-500 
Shorted  rectifiers,  1 19 
Shorted  transformer  windings,  119 
Shorted  zener  diodes,  121 
Shunt  clippers,  137-141 
Shunt  interruption,  841-842 
Shunt  voltage  regulators,  894,  899-900 
Siemens,  346 

Signal  generators,  oscillators  as,  752 
Signals  in  common-emitter  amplifiers, 
326-327 
Silicon,  3 

barrier  potential  for,  11,  20 
forward  voltage  for,  13 
vs.  germanium,  13 
intrinsic,  5,  192 
in  PIN  diodes,  192 
pn-junction  rectifiers  out  of,  74 
Silicon-controlled  rectifiers  (SCRs),  845-855 
in  crowbar  circuits,  851-852 
false  triggering  of,  850-851 
in  industrial  electronics,  851 
light-activated,  878 
operating  curves  for,  846 
for  phase  controllers,  852-854 
specifications  for,  846-850 
testing,  854 
triggering,  845-846 
Silicon  dioxide 
in  MOSFETs,  520 
in  quartz  crystals,  771 

Silicon  unilateral  switches  (SUSs),  840-844 
cutting  off,  841-843 
operation  of,  840-841 
specifications  for,  843-844 
Sine-wave  oscillator,  752 
Single-ended  operation  mode,  611 
Single-polarity  triggering,  861 
Single-pole  low-pass  filters,  702-704 
Slew  rate,  615-616,  632 
equation  for,  955-956 
of  op-amp,  615-616 
Slow-blow  fuses,  119 
Small-signal  amplifiers,  299 
Small-signal  characteristics 
of  JFETs,  505-506 
Small-signal  diodes,  99 
Snubber  networks 
for  silicon-controlled  rectifiers,  85 1 
for  triacs,  863 

Sockets  for  integrated  circuits,  631 
Soft  cutoff,  424 
Soldering 
optoisolators,  880 
surface-mount  components,  231 
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Soldering  temperature,  880 
Solid-state  devices,  2 
Solid-state  relays  (SSRs),  880-881 
Source-follower  amplifiers,  493-496 
Source  in  JFETs,  460 
Source  resistance,  287-288 
Space  width  (SW)  of  waveforms,  792 
Speakers,  crossover  networks  for,  722 
Specifications,  31,  922-928 
for  BJTs,  221-224 
for  constant-current  diodes,  186-187 
for  diodes,  31,  40-45 
for  /(-parameters,  345-351 
for  JFETs,  503-506 

for  linear  IC  voltage  regulators,  902-903 
for  MOSFETs,  529 
for  operational  amplifiers,  617,  619 
for  optointerrupters,  882 
for  optoisolators,  879-881 
organization  of,  40 
for  photodiodes,  873-876 
for  power  rectifiers,  98,  99 
for  silicon-controlled  rectifiers,  846-850 
for  silicon  unilateral  switches,  843-844 
for  transient  suppressors,  182-184 
fortriacs,  860-861 
for  varactor  diodes,  175-178 
for  zener  diodes,  49-53 
Spectral  response,  875 
Speed  controller,  854 
Speed-up  capacitors 
for  BJT  switching,  799-800 
for  FET  switching,  801 
for  MOSFET  drivers,  540 
Split-supply  class  AB  amplifiers,  445-446 
Square- wave  input,  147 
Square-wave  oscillator,  752 
Square  waves,  658,  784,  794 
Stability 

of  collector-feedback  bias  circuits,  269 
of  common-source  amplifiers,  489-491 
of  emitter-feedback  bias  circuits,  27 1 
of  oscillators,  757 
of  voltage  gain,  333,  340-342 
Stages  in  amplifiers,  338-340 
Standard  push-pull  amplifiers,  421 
Standard  resistor  values,  928 
Static  electricity,  521-522,  539 
Static  reverse  current  (maximum  reverse 
leakage  current),  48,  52 
Step-down  switching  regulators,  91 1-912 
Step-down  transformers,  75, 415 
Step-recovery  diodes,  194 
Step-up  switching  regulators,  911,912 
Step-up  transformers,  75,  415 
Stereos,  crossover  networks  for,  722 
Stop  bands,  718-721 
Storage  junction  temperature  ratings,  45 
Storage  time,  795-798,  798-801 
Stray  capacitance 
oscillations  from,  758 
in  tuned  amplifiers,  733 
Styrofoam,  522 
Substrates,  520 
Subtractors,  679 


Suffixes  for  operational  amplifiers,  600 
Summing  amplifiers,  672-680 
averaging  amplifiers,  678-679 
circuit  analysis  of,  675-676 
for  digital-to-analog  converters,  677-678 
in  graphic  equalizers,  722-733 
in  notch  filters,  718-721 
subtractors,  679 
troubleshooting,  678 
Supply  current  ratings,  618 
Supply  voltages.  See  also  Power  supplies; 
Voltage  regulation 
for  BJTs,  2 17, 226-227 
for  class  AB  amplifiers,  434-436 
for  JFETs,  461-462 

for  operational  amplifiers,  599,  604-605 
Suppressors,  transient,  181-185 
Surface-barrier  diodes,  191 
Surface-leakage  current,  36-37 
Surface-mount  components  (SMCs),  230-231 
Surface-mount  packages  (SMPs),  601 
Surge  current 
for  diodes,  42 
for  filters,  103-105 
for  silicon-controlled  rectifiers,  846, 
848-849 

for  transient  suppressors,  183 
Surges,  143 

Surge  suppression,  181-182 
Susceptance  and  reactance,  505-506 
Swamping  amplifiers 

common-emitter,  340-344 
common-source,  489-491 
and  nonlinear  distortion,  353 
Switch  drivers,  908 
Switches 
BJTs  as,  784-787 
diodes  as,  22 
JFETs  as,  787-789 
MOSFETs  as,  789-791 
optical,  881-882 
PIN  diodes  as,  194 
step-recovery  diodes  for,  194 
Switching  circuits,  784-824 
applications  of,  791 
base-bias  circuits  in,  249 
classifications  of,  802-803 
measurements  in,  792-794 
multivibrators,  812-824 
Schmitt  triggers,  804-811 
switching  times  in,  794-798 
switching  transistors  for,  801 
Switching  power  supplies,  74 
Switching  regulators,  907-915 
advantages  and  disadvantages  in,  913 
applications  of,  914—915 
configurations  for,  91 1-913 
IC,  913-914 
operation  of,  908-910 
power  switches  in,  908 
pulse-width  modulation  in,  910-911 
variable  off-time  modulators  in.  91 1 
Switching  time  constants,  146 
Switching  times 
of  BJTs,  794-798 


of  clampers,  146-147 
of  JFETs,  801 

of  Schottky  diodes,  191-192 
Switching  transistors,  801 
Symmetrical  trigger  points,  81 1 

T-l  3/4  LED  lamp,  54 
Tank  circuits.  See  LC  circuits 
Tapped  capacitors,  761 
Tapped  inductors,  766 
Temperature 
case,  448 
soldering,  880 

Temperature  codes  for  operational 
amplifiers,  600 
Temperature  effects 
on  BJT  beta  curves,  221 
on  conduction,  5-6 
on  diodes,  37-39, 433, 434,  437-438 
on  integrated  circuits,  520 
on  operational  amplifiers,  618 
on  phototransistors,  877 
(2-point  shift  from,  248-249 
on  quartz  crystal  frequency,  771 
on  reverse  current  of  rectifiers,  97 
Temperature  ratings 
for  diodes,  38-39, 42 
for  IC  voltage  regulators,  903 
for  transient  suppressors,  182-183 
for  varactor  diodes,  175-176 
Testing 

BJTs,  225,  227 
capacitors,  120-121,  774 
diodes,  57-59 
inductors,  774 

silicon-controlled  rectifiers,  854 
transformers,  119 
triacs,  863 

Thermal  contact,  437 
Thermal  energy,  5 
Thermal  runaway 

in  class  AB  amplifiers,  433,  434, 437-438 
in  VMOS  MOSFETs,  534 
Thevenin's  theorem,  932 
Three-pole  low-pass  filters,  706-707 
Threshold  voltage  for  MOSFETs,  528 
Thyristors,  840-844 
diacs,  856-857 

silicon-controlled  rectifiers,  845-855 
silicon  unilateral  switches,  840-844 
triacs,  857-864 

triggering  devices,  867-868,  869 
Time  constants 
in  BJT  switching,  801 
in  capacitor  filters,  101-103 
for  clampers,  146-147 
for  integrators,  667-668 
switching.  146 

Time  measurements  in  switching  circuits, 
792-794 
Timers,  812-824 

as  astable  multivibrators,  821-824 
as  monostable  multivibrators,  815-821 
troubleshooting,  818-821.  824 
as  voltage-controlled  oscillators,  824 
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Tolerance  of  electrical  ratings,  52,  733 
Total  ac  emitter  resistance 
of  common-collector  amplifiers,  370-371 
in  common-emitter  amplifiers,  326 
Total  device  dissipation  ratings,  221, 

223-224 

Total  power  for  class  AB  amplifiers,  446-448 
Tourmaline  crystals,  771 
Transconductance 

of  common-source  amplifiers,  484-486 
of  depletion-type  MOSFETs,  525-526, 

527 

of  E-MOSFETs,  528 
of  JFETs,  466-481,  505-506 
Transformer-coupled  amplifiers 
ac  operating  characteristics  of,  416-418 
class  A,  414-420,  949-950 
in  Colpitts  oscillators,  765 
dc  operating  characteristics  of,  416 
efficiency  of,  418-419,  950-951 
maximum  load  power  of,  418-419 
Transformer  rating  tolerance  and  rectifiers, 
97-99 

Transformers,  75-78, 414-415 
center-tapped,  88,  422 
in  dual-polarity  power  supplies,  155 
faults  in,  119 

in  push-pull  amplifiers,  414-415 
ratings  for,  77 
secondary  current  in,  76-77 
secondary  voltage  in,  76 
symbols  for,  76 
testing,  1 19 

Transient  protection  clippers  for,  143-144 
in  switching  regulators,  909 
transient  suppressors  for,  180-185 
Transient  response  time,  913 
Transients,  143 

Transistor-biased  complementary-symmetry 
class  AB  amplifiers,  445 
Transistor  currents  in  BJTs,  203-204,  210 
Transistors,  202 

biasing  of.  See  Bias  and  biasing  circuits 
bipolar  junction.  See  Bipolar  junction 
transistors  (BJTs) 
development  of,  2 

field-effect.  See  Junction  field-effect 
transistors  (JFETs);  MOSFETs 
heat  sinks  for,  448-449 
leaky,  261 

phototransistors,  876-878 
power-handling  requirements  of,  446-448 
switching,  801 
unijunction,  865-870 
Triacs,  857-864 
for  phase  controllers,  862-863 
specification  sheets  for,  860-861 
testing,  863 

triggering  control  for,  860-862 
Triangular  waveform,  910 
Triggering 

monostable  multivibrators,  812,  816,  818 
oscillators,  758 
phase  controllers,  862-863 
Schmitt  triggers,  804-8 1 1 


silicon-controlled  rectifiers,  845-846, 
850-851 
thyristor,  867 
triacs,  858-859,  860-862 
troubleshooting,  818-821 
unijunction  transistors,  865 
Trimmer  potentiometers,  759 
Triodes.  See  Triacs 
Triplers,  voltage,  153-154 
Trivalent  doping,  6 
Troubleshooting 
active  filters,  725-726 
approximating  circuit  values  in,  930 
astable  multivibrators,  824 
blown  fuses,  118-119,  121 
class  AB  amplifiers,  440-443 
collector-feedback  bias  circuits,  269 
common-base  amplifiers,  390 
common-collector  amplifiers,  380 
common-emitter  amplifiers,  351-352 
comparators,  662-664 
differentiators,  672 
diode  circuits,  157-160 
discrete  tuned  amplifiers,  734 
emitter-feedback  bias  circuits,  27 1 
filter  faults,  120-121 

input/output  signals  in,  318-320,  326-327 
integrators,  670-671 
JFETs,  500-503 
models  in,  21 

monostable  multivibrators,  818-821 
nonlinear  distortion,  352-353 
operational  amplifiers,  630-632 
oscillators,  773 
power  supplies,  118-123 
rectifier  faults,  119-120 
summing  amplifiers,  678 
transformer  faults,  1 19 
tuned  amplifiers,  734 
voltage-divider  bias  circuits,  259-262 
zener  regulator  faults,  121 
True  power,  730 
TTL  logic  family,  537 
Tubes,  2 

Tuned  amplifier,  301, 420,  694-738 
characteristics  of,  694—698 
class  C,  735-738 
discrete,  726-732 

geometric  center  frequency,  697-698 
roll-off  rate  vs.  bandwidth,  695-697 
Tuned  circuits,  301,  420 
for  active  filters.  See  Active  filters 
center  frequency  of,  697-698 
class  C,  735-738 
JFETs  in,  506-507 
parallel  LC  circuits,  727-728 
practical  considerations  in,  733-734 
roll-off  rate  vs.  bandwidth  of,  695-697 
transformer-coupled,  420 
troubleshooting,  734 
tuning,  733 

varactor  diodes  for,  178-180 
Tuning  diodes,  174-180.  See  also  Varactor 
diodes 

specification  sheets  for,  176-177 


for  tuned  circuits,  178-180 
for  voltage-controlled  tuning,  733-734 
Tunnel  diodes,  188-191 
Turn-off  and  turn-on  times  for  JFETs,  801 
Turns  ratio,  76,  415 
Tweeters,  crossover  networks  for,  722 
Two-pole  filters,  700,  704-706,  709-710 
Two-stage  band-pass  filters,  709-712 
Typical  values  in  specification  sheets,  43 

Ultrahigh  frequency  (UHF)  circuits,  1 88 
Unijunction  transistors  (UJTs),  865-870 
construction  and  operation  of,  865-867 
programmable,  869-870 
in  relaxation  oscillators,  867-868 
Unity-gain  circuits 
single-pole  low-pass  filters,  702-704 
two-pole  low-pass  filters,  704-706 
Unity-gain  frequency,  550,  633-635 
Universal  bias.  See  Voltage-divider  bias 
Upper  cutoff  frequency,  551 
Upper  trigger  point  (UTP)  in  Schmitt 
triggers,  804-811 

Vacuum  tubes,  2 
Valence  shells,  2 
Valley  current 
of  tunnel  diodes,  188-189 
of  unijunction  transistors,  867 
Valley  voltage,  188-189 
Values,  approximating,  27-28,  929-931 
Varactor  diodes,  38,  174-180 
specification  sheets  for,  176-177 
fortuned  circuits,  178-180 
for  voltage-controlled  tuning,  733 
Variable  comparators,  662 
Variable-gain  filter,  704-705 
Variable  off-time  modulators,  91 1 
Varicaps.  See  Varactor  diodes 
Vertical  MOSFETs,  534-535,  541 
Virtual  grounds 
for  integrators,  668 
for  inverting  amplifiers,  621 
VLSI  (very  large  scale  integrated) 
circuits,  520 

VMOS  MOSFETs,  534-535,  541 
Voltage  adjustments  for  IC  voltage 
regulators,  903-904 
Voltage  changes,  slew  rate  for,  615-616 
Voltage-controlled  capacitors.  See  Varactor 
diodes 

Voltage-controlled  current  sources,  683-684 
Voltage-controlled  oscillators  (VCOs),  824 
Voltage-controlled  tuning,  733 
Voltage-divider  bias,  250-262 
base  voltage  in,  251-253 
collector  current  in,  252,  255-256,  258 
in  common-base  amplifiers,  386 
dc  current  gain  of,  253-255 
in  E-MOSFETs,  531 
for  JFETs,  476-480,  491-493 
saturation  and  cutoff  in,  256 
troubleshooting,  259-262 
Voltage-divider  circuits  for 
comparators,  661 
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Voltage  doublers,  151-152 
full- wave,  152 
half-wave,  151-152 
Voltage  feedback 

Jt-parameters  for,  346-347 
for  operational  amplifiers,  636-643 
Voltage  followers,  628-630,  704 
Voltage  gain,  285-292,  956 
of  active  filters,  708-709,  710,  718 
of  class  B  amplifiers,  428 
of  Colpitts  oscillators,  765 
of  common-base  amplifiers,  295,  387-389 
of  common-collector  amplifiers,  294, 
370-371 

of  common-drain  amplifiers,  493-494 
of  common-emitter  amplifiers,  293, 
329-333,  344-335 

of  common-source  amplifiers,  487-489, 
492-493 

in  decibels,  303-305 
vs.  frequency  in  operational  amplifiers, 
632-633 

/i-parameters  for,  935-937 
of  instrumentation  amplifiers,  681-682 
of  inverting  amplifiers,  622,  623-624 
of  multiple-feedback  band-pass  filters,  718 
of  noninverting  amplifiers,  626-628 
of  operational  amplifiers,  602,  622, 
623-624,  626-628 

of  single-pole  low-pass  filters,  702-704 
Voltage-inverting  switching  regulators,  912 
Voltage-level  detectors,  804-8 1 1 
Voltage  multipliers,  150-155 
doublers,  151-152 
in  dual-polarity  power  supplies,  155 
faults  with,  159-160 
triplers  and  quadruplets,  152-154 
Voltage  quadruplets,  153-154 
Voltage  ratings  for  BJTs,  216-217 
Voltage  regulation,  74,  1 10,  890-915 
linear  IC  voltage  regulators  for,  901-906 


line  regulation  in,  891-892 
load  regulation  in,  892-893 
practical  considerations  in,  893-894 
series  regulators,  895-898 
shunt  regulators,  894,  899-900 
switching  regulators,  907-915 
zener  diodes  in,  46,  110-116,  890 
Voltages  and  voltage  ratings 

for  BJTs,  204,  216-217,  224,  226-227 
in  common-source  amplifiers,  483-484 
comparators  for,  658-659 
dc  reference,  145 
forward,  13 

in  full-wave  bridge  rectifiers,  93-95 
in  full-wave  rectifiers,  88-91 
in  half-wave  rectifiers,  81-87 
for  JFETs,  461-464 
for  operational  amplifiers,  599,  600, 
604-605 

peak  repetitive  reverse,  41, 42 
phase  relationships  in,  318-320 
of  power  supply  filters,  105-109 
ripple,  97,  105-109,  114-115,  152 
summing  amplifiers  for,  672-680 
from  switching  regulators,  909-910 
for  transformers,  77 
zener,  46 

Voltage  shifts  with  clampers,  145-146 
Voltage  triplers,  152-154 
Voltmeters 

Wallace,  R.  L.,  Jr.,  318 
Waveforms 

characteristics  of,  792-794 
distortion  in,  299 
rectangular,  658,  792,  907 
triangular,  910 
Wavelength 

of  light,  871-872 
of  peak  spectral  response,  875 
Weighting  in  summing  amplifiers,  675 


Width  of  JFET  channels,  461-463 
Wien-bridge  oscillators,  758-761,  762 
frequency  limits  of,  761 
negative  feedback  paths  in,  760-761 
positive  feedback  paths  in,  759 
Windings  in  transformers,  75, 415 
Woofers,  crossover  networks  for,  722 
Working  peak  reverse  voltage 
ratings,  41,  42 

Zener  breakdown,  46 
Zener  clampers,  149-150,  159 
Zener  current,  52,  1 12-1 13 
Zener  diodes,  46-54 
for  clampers,  149-150,  159 
in  crowbar  circuits,  851-852 
equivalent  circuits  for,  48 
in  MOSFETs,  539 
operating  characteristics  of,  47-48 
in  pass-transistor  regulators,  895 
selector  guides  for,  52-53 
in  shunt  voltage  regulators,  899 
specification  sheets  for,  49-52 
for  surge  suppression,  181-182 
testing,  59 

in  voltage-controlled  current  sources, 
683-684 

zener  breakdown  in,  46 
Zener  impedance,  47-48,  51 
Zener  knee  current,  47 
Zener  test  current,  47 
Zener  voltage,  46,  5 1 ,  52 
Zener  voltage  regulators,  110-118, 121 
circuit  current  in,  111 
faults  in,  121 

load  variations  in,  113,  114 
ripple  reduction  by,  114-116 
Zero  adjusts,  877 
Zero  bias 

for  BJTs,  206-207 

for  depletion-type  MOSFETs,  526 
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